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The main goal of the KamLAND reactor anti-neutrino experiment is a search for anti-neutrino os-
cillation using inverse-β decay reaction in 1,000 ton of the ultra pure liquid scintillator. This thesis
presents the precise measurement of the neutrino oscillation parameters ∆m221 and θ12. The data set is
1490.8 days from Mar. 2002 to May 2007. 1609 events were observed during this period, while 2179
reactor ν̄e events were expected. The statistical significance for reactor ν̄e disappearance is 8.8 σ , and an
undistorted ν̄e energy spectrum is disfavored at 5 σ .
Extending the analysis threshold down to Eprompt ≥ 0.9 MeV, which corresponds to the inverse-
β decay energy threshold, and incorporating geo-neutrinos, gives a best-fit parameter in the ”LMA-I”
region at ∆m221 = 7.58
+0.14





The LMA-II and LMA0 regions are disfavored at > 4 σ . Result from a combined oscillation analysis
of KamLAND and other solar neutrino experiments under the assumption of CPT invariance gives ∆m221
= 7.59 ± 0.21 × 10−5 eV2 and tan2θ12 = 0.47+0.06−0.05. The ∆m2 parameter is strongly determined by the
KamLAND experiment. The oscillation behavior is clearly seen in the analysis. The L0/E plot with 0.9
MeV threshold shows two peaks and one valley in the plot.
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The neutrino was first predicted by W. Pauli in 1930 [1] to conserve energy in nuclear β decay which
required a final state electrically neutral particle with a spin of 1/2. And the anti-neutrino existence was
discovered by F. Reines and C.L. Cowan in 1956 [2]. They detected anti-neutrino from a neuclear reactor
using liqild scintillator via the inverse β decay reaction,
ν̄e + p → e+ +n (1.1)
The positron and electron annihilate and emit two simultaneous photons. The neutron is thermalized
until it is eventually captured on the Cadmium nucleus and then emit photons ∼ 15 µsec after the positron
signal. Another flavor of neutrino νµ , was discovered at Brookhaven National Laboratory in 1962 [3].
The τ particle was discovered at the Stanford Linear Accelerator Center in 1975 [4] and its associated
tau neutrino , ντ was discovered by DONUT Collaboration in 2000 [5]. The structure of the weak
interaction (V-A interaction) was established by T. Lee and C. Yang [6] via the possible parity violation,
which explains the result of K+ decay, and confirmed by C.Wu using 60Co β decay in 1957 [7]. The
intermediate bosons, W± and Z0 were directly detected at the CERN pp̄ collider experiment in 1983 [8].
And The precise measurement of the decay width of the Z boson in e+e− collider at LEP [9] constrains
the number of light neutrino families to 3.























The elementary particles and their interactions are expressed in SU(3) × SU(2) × U(1) gauge theory
within the framework of the Standard Model. The neutrino is massless and chargeless but there is no
reason that forbids finite masses of neutrinos. The recent limits on neutrino masses are listed in Table(1.1)
and no established evidence for massive ν from direct measurement are found. Another limit on neutrino
1
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masses comes from cosmology. In case that three neutrino flavors are degenerate, the upper limit of
neutrino mass is mν < 0.23 eV at 95 % C.L. [10]
The small neutrino masses cannot be explained by the Standard Model. That solution may be given
by a new physics beyond the Standard Model such as See-Saw mechanism [14][15][16]. The See-Saw
mechanism explains small neutrino masses in relation to the existence of new physics at a much higher
energy scale.
Table 1.1: Experimental Limits on Neutrino Masses [11][12][13]
neutrino flavor mass limit
νe 2.5 eV (95 % C.L.)
νµ 0.17 eV (90 % C.L.)
ντ 18.2 eV (95 % C.L.)
1.2 Neutrino Oscillation
1.2.1 Neutrino Oscilation in Vacuum
The neutrino flavor oscillation was firstly suggested by Maki, Nakagawa and Sakata in 1962. The flavor
eigenstates νe, νµ and ντ are not necessarily same as the massive eigenstates ν1, ν2 and ν3 in case





where U is the unitary matrix and written as follows,
Uαi =
1 0 00 c23 s23
0 −s23 c23
 c13 0 s13e−iδ0 1 0
−s13eiδ 0 c13




 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

(1.3)
where ci j is cosθi j, si j is sinθi j, and δ is CP-violating phase. By applying Shrödinger’s equation , the
time evolution of the neutrino mass state νi is written as follows,
|νi(τi)〉 = e−imiτi |νi(0)〉 (1.4)
where mi is the mass of νi and τi is the time in the νi-rest frame. In the laboratory frame, Eq.(1.4) can be
written as follows,
e−imiτi = e−i(Eit−piL) (1.5)
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where t is the time, L is the position in the laboratory frame, Ei is the Energy of νi and pi is the momentum
of νi. Since neutrino is relativistic time t ≈ L, and assuming all of the mass eigenstate components have
































Then, the probability that να turns into νβ after traveling distance L P(να → νβ ) is |〈νβ |να(L)〉|2 and
can be written as follows,




































where ∆m2i j is a mass difference m2i −m2j and using h̄c ≈ 197[MeV·fm],
∆m2i j(L/4E) = 1.27∆m2i j[eV
2] L [m]E [MeV] . The ± sign in the third term corresponds to the CP violation effect.
- is for neutrinos and + is for anti-neutrinos.
To simplify the discussion, only two flavors are considered hereafter. In this case, unitary matrix U
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where θ is mixing angle in vacuum. Finally, the survival probability Eq.(1.9) is written as follows,








For three flavor neutrino oscillations in vacuum, Eq.(1.11) is given by,



















is averaged to 1/2 and Eq(1.12) is written as follows,












= sin4 θ13 + cos4 θ13
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As described in Section(1.3.5), sin2 θ13 is quite small. Thus, sin4 θ13 (cos4 θ13) is approximately 0 (1)
and Eq(1.13) can be simplified in terms of two flavors.
1.2.2 Neutrino Oscilation in Matter (MSW Effect)
When neutrinos propagate in matter , the electron neutrino can interact with electron via neutral current
and charged current. But the others only can interact via neutral current (Figure(1.1)). Therefore , the
oscillation formula given by Eq.(1.11) should be modified.




where GF is the Fermi coupling constant and Ne is the electron number density. Then the time evolution
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where ∆V is (E2-E1)/2 = (m22-m21)/4 = ∆m2/4 . In Eq.(1.15), the first term is the diagonal term and does






)2 +(∆V sin2θV )2
]1/2
(1.16)













where θM is the neutrino mixing angle in matter and given by,
tan2θM =
∆V sin2θV










neutrino mixing in matter is at maximum. The relation between the electron number density and the
mixing angle in matter is listed in Table(1.2). This effect was proposed by Wolfenstein, Mikheyev and
Smironov and called as MSW effect [17][18][19].
Table 1.2: The Relation between The Electron Density and The Mixing Angle in The Matter
Ne 0 . . . Nresonancee . . . ∞
θM θV . . . π/2 . . . π/4
1.3 Neutrino Oscillation Experiments
1.3.1 Solar Neutrino Problem
The sun is at the stage of stable hydrogen burning. The standard solar model (SSM [20]) predicts that
more than 98.4 % of solar energy is generated from the proton-proton chain (pp-chain) reaction shown
in Figure(1.2) and a small fraction from the carbon-nitrogen-oxygen cycle (CNO-cycle). The overall
reaction is given by,
4p →4 He+2e+ +2νe (1.20)
Positrons annihilate with electrons. Therefore, when considering the solar thermal energy generation,
the relevant reaction is,
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Figure 1.1: (left)Feynman diagram for charged current interaction of νe. (right)Feynman diagram for
neutral current interaction of νe, νµ and ντ .
4p+2e− →4 He+2νe +26.73 MeV−Eν (1.21)
where Eν represents the energy taken away by neutrinos, with an average value of < Eν > ∼ 0.6
MeV. The relevant reactions and their abbreviation are listed in Table(1.3). Figure(1.3) shows the solar
neutrino spectrum from pp-chain predicted by the SSM.
The neutrino flux is estimated from SSM. SSM is based on the standard theory of stellar evolution
using input data for the equation of state, nuclear physics and solar composition. A variety of input infor-
mation is needed in the evolutionary calculations. In SSM, there are no helioseismological constraints.
However, the calculated sound speed as a function of the solar radius is in an excellent agreement with
the helioseismologically determined sound speed to a precision of 0.1 % RMS throughout essentially
the entire Sun. This greatly strengthens the confidence in the solar model. The currently preferred SSM
is BS05(OP) developed by Bahcall and Serenelli [20][21]. This model uses newly calculated radiative
opacities from the Opacity Project (OP) and previously standard heavy-element abundances instead of the
recently determined lower heavy-element abundances. The constructed SSM with lower heavy-element
abundances [22] disagree by much more than the estimated measuring errors with the helioseismological
determinations of the depth of the solar convective zone, the surface helium composition, the internal
sounds speeds, and the density profile.
Observation of solar neutrinos directly addresses the theory of stellar structure and evolution. The
Sun as well-defined neutrino source also provides extremely important opportunities to investigate non-
trivial neutrino properties such as non-zero mass and neutrino mixing, because of wide range of matter
density and the very long distance between the Sun and the Earth (∼ 1.5 × 1011 km).
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Solar neutrino experiment started in the late 1960’s using 37Cl. Since then, radiochemical experiments
using 37Cl and 71Ga and water Cherenkov experiments with light and heavy water observed solar neutri-
nos.
From the very beginning of the solar neutrino observation, it was recognized that the observed flux
was significantly smaller than the SSM prediction and indicated that something happened to the electron
neutrinos after they created in the solar interior. This deficit has been called the ”Solar Neutrino Prob-
lem”. In spite of the challenges by several solar neutrino experiments, the solar neutrino problem had
persisted for more than 30 years. In 2001, the initial result from SNO, a water Cherenkov detector with
heavy water, provided direct evidence for flavor conversion of solar neutrinos [29]. Later in 2002, SNO’s
measurement of the neutral current rate and the charged current rate further strengthened this conclu-
sion [30]. In 2002, KamLAND, a terrestrial ν̄e disappearance experiment using reactor anti-neutrinos,
observed a clear evidence of neutrino oscillation with the allowed parameter region overlapping with
the parameter region of the LMA solution [53]. Assuming CPT invariance, this result directly implies
that the true solution of the solar νe oscillation has been determined to be LMA. The solar neutrino
experiments and their results are described in the following sections.
Figure 1.2: pp-chain. Reactions in orange boxes emit νe.
1.3.2 Solar Neutrino Experiments
Homestake [23]
Homestake experiment is the first experiment which observed solar neutrino. This experiment started
in 1967. The detector had 390,000 liters of liquid tetrachloroethylene, C2Cl4 in a horizontal cylindrical
tank. It was located at 4400 m.w.e. in the Homestake gold mine. Homestake group detected solar
neutrino via the capture reaction,
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Table 1.3: pp-chain and CNO-cycle Reaction and Fluxes in The Sun [20]
Reaction Abbreviation Flux[cm−2sec−1]
pp-chain
pp → de+νe pp 5.99 (1.00 ± 0.01) × 1010
pe−p → dνe pep 1.42 (1.00 ± 0.02) × 108
3Hep → 4Hee+νe hep 7.93 (1.00 ± 0.16) × 103
7Bee− → 7Liνe (+ γ) 7Be 4.84 (1.00 ± 0.105) × 109
8B → 8Be∗νe 8B 5.69 (1.00 ± 0.16) × 106
CNO-cycle
13N → 13Ce+νe 13N 3.07 (1.00+0.31−0.28) × 108
15O → 15Ne+νe 15O 2.33 (1.00+0.33−0.29) × 108
17F → 17Oe+νe 17F 5.84 (1.00 ± 0.52) × 106
Table 1.4: Results of The Solar Neutrino Experiments
experiment measurement SSM (BS05OP)expected measurement / SSM
Homestake [23]
37Cl → 37Ar (SNU) 2.56 ± 0.16 ± 0.16 8.1 ± 1.2 0.32 ± 0.05
GALLEX/GNO [24][25]
71Ga → 71Ge (SNU) 69.3 ± 5.5 126+9−7 0.55 ± 0.06
SAGE [26]
71Ga → 71Ge (SNU) 66.2+4.8−4.5 126
+9
−7 0.53 ± 0.05
Kamilkande [27]
8B ν flux (106cm−2s−1) 2.80 ± 0.19 ± 0.33 5.69 (1.00± 0.16) 0.49 ± 0.10
Super-Kamilkande [28]
8B ν flux (106cm−2s−1) 2.32 ± 0.03 +0.08−0.07 5.69 (1.00± 0.16) 0.41 ± 0.07
SNO (in the salt phase) [32]
CC
8B ν flux (106cm−2s−1) 1.68 ± 0.06 +0.08−0.09 5.69 (1.00± 0.16) 0.30 ± 0.05
NC
8B ν flux (106cm−2s−1) 4.91 ± 0.21 +0.38−0.34 5.69 (1.00± 0.16) 0.86 ± 0.16
ES
8B ν flux (106cm−2s−1) 2.35 ± 0.22 ± 0.15 5.69 (1.00± 0.16) 0.41 ± 0.08
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Figure 1.3: Solar neutrino spectrum from pp-chain and CNO-cycle predicted by the SSM [20]
37Cl+νe → e− +37 Ar (Threshold Eν = 0.814 MeV) (1.22)
In this experiment, the dominant neutrino is 8B neutrino. They counted 37Ar decay with its half-life
34.8 days. The solar neutrino induced 37Ar production rate using total 108 data sets from 1970 to 1994
is 2.56 ± 0.16(stat.) ± 0.16(syst.) SNU. Here SNU is the solar neutrino unit : 10−36 [capture/atom/sec].
The ratio of observed event rate to the SSM prediction is 0.30 ± 0.07.
GALLEX/GNO [24][25] and SAGE [26]
The GALLEX/GNO and SAGE experiment use the inverse EC reaction on 71Ga,
νe +71 Ga → e− +71 Ge (1.23)
The energy threshold of this reaction is 0.233 MeV. Therefore these experiments are sensitive to the pp
neutrinos.
The GALLEX experiment started in 1991 and ended in 1997, and the GNO experiment resumed in
1998. The detector is located at the Gran Sasso Underground Laboratories(3,000 m.w.e.). The SAGE
experiment started in 1990. The detector is located at Baksan Neutrino Observatory(4,700 m.w.e.). The
range of SSM predicted rates is 122 - 131 SNU, and the observed capture rates from these experiment
are
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Figure 1.4: Comparisons of neurino event rates between SSM prediction and experimental measurements
[20]





Kamiokande [27] and Super-Kamiokande [28]
The Kamiokande is 3000 tons of pure water Cherenkov detector located at the Kamioka Mine, Gifu
Prefecture, Japan and real-time experiments measuring neutrinos via ν − e scattering :
νx + e− → νx + e− (x = e,µ,τ)
This reaction is sensitive to all neutrinos, but cross section of electron-type neutrino (νe + e− →
νe + e−) is about 6.5 times larger than cross section of other types-neutrino (νµ ,τ + e− → νµ ,τ + e−).
There is directional correlation between the incoming neutrino and the recoil electron, which helps clear
separation of the solar neutrino signal from the background. The Energy threshold of Kamiokande
experiment is 7 MeV, therefore 8B neutrino and hep neutrino can be observed.
The Kamiokande data from Jan. 1987 to Feb. 1995 reported on solar 8B flux,
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ΦKamiokande8B(ES) = 2.80±0.19(stat.)±0.33(syst.)×10
6 cm−2sec−1
The Super-Kamiokande is 50 ktons (22 ktons fiducial volume) pure water Cherenkov detector located
at near Kamiokande. The neutrino detection method is same as Kamiokande experiment, but the energy







The Sudbury Neutrino Observatory (SNO) is an imaging Cherenkov detector using 1,000 tons ultra-
pure heavy water (D2O) as both the interaction and detection medium. The detector is located in Inco’s
Creighton Mine. The detector resides 1,730 m below sea level with an overburden of 6,020 m.w.e..
SNO was designed to provide direct evidence of solar neutrino flavor change through comparisons of the
interaction rate of three different processes with 5 MeV energy threshold:
νx + e− → νx + e− (Elastic Scattering)
νe +d → p+ p+ e−−1.442 MeV(Charged Current)
νx +d → νx + p+n−2.224 MeV(Neutral Current)
The first reaction is the same as Kamiokande and Super-Kamiokande experiments. This reaction is
sensitive to all neutrino flavors. The cross section for electron-type neutrino is ∼6.5 times higher than
that of other-type neutrinos.
The second reaction is sensitive only to electron-type neutrino. This reaction has the advantage that
the recoil electron energy is strongly correlated with the incident neutrino energy , thus can provide a
precise measurement of the 8B electron neutrino energy spectrum.
The third reaction has the advantage that it is equally sensitive to all neutrino flavors, thus provides
a direct measurement of 8B neutrino total flux from the Sun. The NC reaction has a cross section nearly
ten times as large as the ES reaction.
For both the ES and CC reactions, the recoil electrons are detected directly through their production
of Cherenkov light. For the NC reaction, the neutrons are not seen directly, but detected by neutron
capture on another deuteron, releasing a 6.25 MeV γ ray. Then γ ray either Compton scatters an electron
or produces an e+e− pair, and the Cherenkov radiation of these secondaries is detected as a signal of NC
reaction.
The SNO first phase, whose data set is from Nov. 1999 to May 2001 reported the measured 8B solar
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The sum of Φ(νe) + Φ(νµ,τ) is in good agreement with Standard Solar Models despite the deficit of
Φ(νe). So, this is the first evidence for neutrino flavor transformation.
The SNO second phase began in Jun. 2001 with the addition of ∼2,000 kg of NaCl to 1,000 tons of
D2O, and ended in Oct. 2003 after removing NaCl. The addition of the salt enhanced SNO’s ability to
detect solar 8B neutrinos in three ways. (1)The neutron capture efficiency increased by nearly three-fold,
allowing a statistically precise measurement of the NC reaction. (2)The total energy of the γ rays from the
neutron capture on 35Cl is 2.32 MeV above the energy of the single γ from the capture on deuterons. (3)
The isotropy of the PMT tube hit distribution on geodesic array from multiple γ rays emitted after neutron
capture on 35Cl is significantly different from that produced by single electron. Therefore neutrons from
the NC reaction and electrons from the CC reaction can be separated statistically without any assumptions
about the underlying neutrino energy spectrum.

















The error of NC reaction is improved and these results are in good agreement with that of the first
phase. Figure(1.5) shows the 8B solar neutrino flux for electron type and the other type. Figure(1.6)
shows the global neutrino oscillation analysis using SNO’s pure D2O phase day and night spectra, SNO’s
salt phase extracted day and night CC spectra and ES and NC fluxes, the rate measurement from the Cl,
SAGE, Gallex/GNO and SK-I zenith spectra. Figure(1.6) also shows the global neutrino analysis using
solar neutrino data and KamLAND second result. The best-fit parameter is (tan2θ , ∆m2) = (0.45+0.09−0.08 ,




−0.4 × 10−5 eV2) for solar plus KamLAND
case. The LMA solution is the most favored solution.
The SNO third phase, the Neutral-Current Detectors (NCDs) phase, utilized an array of proportional
counters filled with a 3He-CF4 gas mixture for neutron detection independent of the PMTs. These NCDs
capture the neutron released from neutral current, thereby measuring the rate of this reaction. The NCDs
were distributed in the D2O volume, and only blocked 9 % of the cherenkov light. Over 60 % of the
detected NC events were recorded separately from the CC and ES signals and can be distinguished on
an event-by event basis. Thus the NC flux can be measured without performing the statistical separation
that was necessary in the previous phase reducing the correlation between the NC and CC measurements
from about -0.5 to better than -0.02. This phase is expected to produce a result for NC flux of comparable
precision to previous phase, but wit very different systematics. Data in the third phase were collected
between Nov. 2004 and Nov. 2006. The result will be reported.
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Figure 1.5: Flux of µ + τ neutrinos v.s. flux of the electron neutrinos. CC, NC and ES flux measurement
are indicated by the filled bands. The total 8B solar neutrino flux predicted by the Standard Model (BS05)
is shown as dashed lines, and that measured with the NC is shown as the solid band parallel to the model
prediction. The narrow band parallel to the SNO ES shows the Super-Kamiokande result. The intercepts
of these bands with the axis represent the ±1σ uncertainties. The point shows Φe from the CC flux and
φµ .τ from the NC-CC difference with 68 %, 95 % and 99 % C.L. contours included. [32]
Figure 1.6: (a)Global neutrino oscillation analysis using only solar neutrino experiment and (b)including
KamLAND second result data. The solar neutrino data included SNO’s pure D2O phase day and night
spectra, SNO’s salt phase extracted day and night CC spectra and ES and NC fluxes, the rate measurement
from the Cl, SAGE, Gallex/GNO and SK-I zenith spectra. The 8B flux is free in the fit and hep neutrinos
are fixed at 9.3 × 103 cm−2s−1. The stars show the best-fit parameters. The blue, red, black line shows
68 %, 95 % and 99.73 % , respectively. [32]
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Borexino [34]
Borexino group reported on the first real-time 7Be neutrino measurement using the 300 ton ultra pure
liquid scintillator. Figure(1.7) shows the schematic drawing of the Borexino detector. They observes low
energy neutrino events via elastic scattering by electrons.
The energy spectrum after α/β statistical subtraction of 210Po peak is shown in Figure(1.7), resulting
47 ± 7(stat.) ± 12 (syst.) counts/day/100 ton. The rate averaged over the earth orbit based on solar
models and neutrino oscillation is 49 ± 4 counts / day / 100 ton while without oscillation it is 75 ± 4
counts/day/100 ton. Therefore, their result is consistent with prediction os SSM and neutrino oscillation
with LMA-MSW parameters.
Figure 1.7: Borexino experiment figures. The left figure shows the schematic drawing of the detector.
The right figure shows energy spectrum from 270 keV to 800 keV after α/β statical subtraction of the
210Po peak [34].
1.3.3 Atmospheric Neutrino Experiments
Atmospheric neutrinos are produced in decays of pions and kaons which are generated from the interac-
tion of primary cosmic rays (mainly high energy protons) with the upper atmosphere. The flight length
of atmospheric neutrinos is between ∼15 km (produced at the zenith) and ∼13,000 km (produced at the
nadir). The energy spectrum has a peak at around 1 GeV and energy is up to multi-GeV. The electron
and muon neutrinos are generated from the reaction,
π+(π−) → µ+(µ−)+νµ(ν̄µ)
µ+(µ−) → e+(e−)+ ν̄µ(νµ)+νe(ν̄e)
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From this reaction, the expected ratio of νµ + ν̄µ flux to νe + ν̄e is 2. The ratio of νµ + ν̄µ / νe +
ν̄e has been measured by several underground experiments. There are two detector types for this mea-
surement. One is water Cherenkov detector (Kamiokande [38], IMB [36] and Super-Kamiokande [40])
and the other is the iron calorimeter detector (Fréjus [39], NUSEX [37] and Soudan2 [35]). Their results
are listed in Table(1.5). Kamiokande, IMB, Super-Kamiokande and Soudan2 reported that the ratio is
significantly smaller than expected, while Fréjus and NUSEX reported that the ratio is consistent with
the expected. An anomaly in the zenith angle distribution was firstly observed by Kamiokande exper-
iment and Super-Kamiokande experiment confirmed it with better statistical significance and reported
the evidence of oscillations for atmospheric neutrinos in 1998.The zenith angle strongly corresponds to
the flight length. Figure(1.8) shows the zenith-angle distribution of µ-like, e-like and multi-ring events
for sub-GeV and multi-GeV sample and Figure(1.9) shows the L/E distribution for atmospheric neu-
trinos [41]. The disappearance of muon-type neutrino was observed while excess of electron-type was
not. Therefore, νµ ↔ νe oscillations are disfavored relative to νµ ↔ νx. Here ντ is reasonable for νx
and νµ ↔ νs (sterile neutrino) was rejected as a hypothesis at 99 % C.L. In 2004, Super-Kamiokande
experiment updated the atmospheric neutrino data and reported the oscillation signature. Figure(1.10)
shows the allowed region for two flavor νµ ↔ ντ oscillations. The oscillation parameters are 1.5 × 10−3
< ∆m2 < 3.4 × 10−3 eV2 and sin22θ > 0.92 at 90 % C.L.
They also reported on the results of a three-flavor oscillation analysis with the assumption of one
mass scale dominance (∆m221 = 0) [42]. The result is sin2θ13 < 0.14 and 0.37 < sin2θ23 < 0.65 for
the normal mass hierarchy, sin2θ13 < 0.27 and 0.37 < sin2θ23 < 0.69 for the inverted mass hierarchy,
respectively.
Table 1.5: Results of The Atmospheric Neutrino Experiments





IMB [36] 0.54 ± 0.05 ± 0.012
Super-Kamiokande [40]
(sub-GeV) 0.638 ± 0.016 ± 0.050
(multi-GeV) 0.658+0.030−0.028± 0.078
iron calorimeter detector
Fréjus [39] 1.00 ± 0.15 ± 0.08
NUSEX [37] 0.99+0.35−0.25
Soudan2 [35] 0.64 ±0.1+0.06−0.05
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Figure 1.8: Zenith angle distribution of µ-like events, e-like events and Multi-ring events. Energy range
is from sub-GeV to Multi-GeV. The right two figures show upward stopping muon and upward through
going muon. Black dots correspond to the data, black line and dashed line correspond to the MC distri-
butions with best-fit oscillation parameter and without oscillation, respectively. [43]
1.3.4 Accelerator Neutrino Experiments
K2K [44]
The K2K (KEK to Kamioka long baseline neutrino oscillation experiment) is designed to measure neu-
trino oscillations using a man-made beam with well controlled systematics, complementing and confirm-
ing the measurement made with atmospheric neutrinos. This experiment used an accelerator-produced
beam of nearly pure νµ with a neutrino flight distance of 250 km (Super-Kamiokande) to probe the same
∆m2 regions as that explored with atmospheric neutrino experiment. The νµ beam are generated by a
12-GeV proton beam on aluminum target at KEK. After the proton beam hit an target, mainly π+ are
generated and they decay with a mean energy 1.3 GeV,
π+ → µ+ +νµ
The contribution of the other neutrino and anti-neutrino is less than 3 %. The Near detector (ND) is
located 300 m downstream from the target. The primary purpose of the ND is to measure the direction,
flux and the energy spectrum of neutrinos before they oscillate. The Super-Kamiokande detector which
is located at a distance of 250 km, played as a far detector and detects the νµ neutrinos from KEK.
In 2006 , K2K group reported their result by using the total data set from Jun. 1999 to Nov. 2004
which corresponds to 9.22 × 1019 protons on target (POT). The number of observed events is 112 events
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Figure 1.9: L/E distribution. The dots show the ratio of the data to the MC events without neutrino
oscillation. The error bars are statistical only. The Solid line shows the best-fit expectation for two flavor
νµ ↔ ντ oscillation. The dashed line and dotted line correspond to the best-fit expectation for neutrino
decay and neutrino decoherence, respectively. [41]
with an expectation of 158.1+9.2−8.6 events without oscillation. The probability that observations are ex-
plained by the expectation for no neutrino oscillation is 0.0015 % (4.3 σ ). A distortion of the energy
spectrum is also seen in 58 single-ring muon-like events (Figure(1.11)). In a two flavor oscillation sce-
nario, the allowed ∆m2 region at sin2θ = 1 is between 1.9 and 3.5 × 10−3 eV2 at the 90 % C.L. with a
best-fit value of 2.8 × 10−3 eV2 (Figure(1.11)).
MINOS [45]
The MINOS (the Main Injector Neutrino Oscillation Search) experiment has been designed to study the
flavor composition of a beam of muon neutrinos as it travels between the Near Detector (ND) at Fermilab
at 1 km from the target and the Far Detector (FD) in the Soudan iron mine in Minnesota at 735 km from
the target. The neutrinos at Main Injector (NuMI) neutrino beam is produced using 120 GeV protons
from the Main Injector. The urged current neutrino event yields at ND are predicted to be 92.9 % νµ , 5.8
% ν̄µ , 1.2 % νe and 0.1 % ν̄e. Both detector are steel-scintillator track calorimeters with total magnetic
fields averaging 1.3 T. The FD is 5.4 kton detector and located at 705 m underground. The ND is 0.98
kton detector and located at 103 m underground. The dataset is from May 2005 to Feb. 2006, which
corresponds to 1.27 × 1020 120-GeV protons. The FD observed 215 events with < 30 GeV, compared
to an expectation of 336 ± 14 events. This data is consistent with νµ disappearance via oscillations with
|∆m232| = 2.74
+0.44
−0.26 × 10−3 eV2 and sin2(2θ23) > 0.87 (68 % C.L.).
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Figure 1.10: Allowed oscillation parameters for two flavor νµ ↔ ντ oscillations. Three contours corre-
spond to the 68 % (dotted line), 90 % (solid line) and 99 % (dashed line) C.L. allowed regions, respec-
tively. [40]
LSND [46]
The LSND (Liquid Scintillator Neutrino Detector) experiment searched for ν̄µ → ν̄e oscillation. The
source of neutrinos is the interaction of the intense (∼ 1mA) 798 MeV proton beam at Los Alamos
Neutron Science Center which produces a large number of pions, mostly π+. Therefore, dominant
neutrino source is π+ → µ+νµ and µ+ → e+νeν̄µ , most of which decay at rest (DAR). The measurement
reaction is inverse beta decay ν̄e p→ e+n which provides a sensitive way to search for ν̄µ → ν̄e oscillation.
And the νe flux from π+ and µ+ decay in flight (DIF) is very small, which allows a search νµ → νe
oscillation via the measurement of the electrons above the Michel electron endpoint from the reaction
νeC → e−N. The LSND data from 1993 to 1998 , the result that a total excess of 87.9 ± 22.4 ± 6.0
events. This excess is corresponding to an oscillation probability of (0.264 ± 0.067 ± 0.045) %. This
result suggest that neutrino oscillations occur in the 0.2 - 10 eV2 ∆m2 range , indicating a neutrino mass
greater than 0.4 eV. However, this mass difference is much greater than that of solar (∆m2 ∼ 7 × 10−5
eV2) and that of atmospheric (∆m2 ∼ 2 × 10−3 eV2). Therefore this result cannot be explained by three
neutrino oscillation. It is important to confirm or refute this result.
KARMEN [47]
The KARMEN (Karlsruhe Rutherford Medium Energy Neutrino) experiment was located at the highly
pulsed spallation neutron source ISIS of the Rutherford Laboratory. This experiment can also search
ν̄µ → ν̄e oscillation using µ+ decay at rest. This detector is a segmented high resolution 65 m3 liquid
scintillator calorimeter, located at a mean distance of 17.7m from the ISIS target at angle 100◦ relative
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Figure 1.11: Result of the K2K experiment. (Left) The reconstructed Eν distribution for 1-ring muon
like sample. Points with error bars are observed data. The blue line shows the best-fit spectrum with
neutrino oscillation and the red line shows the expected without oscillation. (Right) comparison of
K2K results with the Super-Kamiokande atmospheric neutrino measurement. Dotted, solid, dashed and
dash-dotted line shows 68 %, 90 % 99 % C.L. allowed regions of K2K and 90 % allowed region from
Super-Kamiokande atmospheric neutrino, respectively. [44]
to the photon beam. The result from Feb. 1997 to Mar. 2001 shows that extracted candidates (15 events)
for ν̄e are in excellent agreement with background expectations (15.8 ± 0.5 events) showing no signal
for ν̄µ → ν̄e oscillation. These limits excluded large regions of the parameter area favored by the LSND
experiment.
MiniBooNE [48]
MiniBooNE (Mini Booster Neutrino Experiment) searches for the νµ → νe oscillation with ∆ m2 ∼ 1
eV2 indicated by the LSND experiment. They completed its first νµ → νe oscillation search using a
sample of ∼ 1 GeV neutrino events obtained with 5.58 × 1020 protons delivered to the Booster Neutrino
Beamline. The result finds no significant excess of νe events in the analysis region of 475 - 3000 MeV.
1.3.5 Reactor Anti-Neutrino Experiments
Bugey [49] [50]
Bugey group reported on a high precision measurement at 15 m, 40 m and 95 m from 2800 MWth
reactor in which 300,000 events of electron anti-neutrino interaction with proton had been detected using
an integration method. They used inverse beta decay reaction for detection electron anti-neutrino in the
6Li-loaded liquid scintillator.
ν̄e + p → e+ +n
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Their result is listed in Table(1.6) and have no evidence for oscillation. The minimum excluded values
of ∆m2 and sin22θ are 1 × 10−2 eV2 and 2 × 10 −2 at 90 % C.L., respectively.
CHOOZ [51]
CHOOZ group reported on reactor anti-neutrino measurement from Apr. 1997 to Jul. 1998 They used
two pressurized-water reactors with a total power of 8.5 GWth in France for this measurement. They also
used inverse beta decay reaction for detection electron anti-neutrino in the 5 ton Gd-loaded (∼0.1 %)
liquid scintillator. The detector is located in an underground laboratory (300 m.w.e.) at a distance of ∼1
km from the reactors. The anti-neutrino event versus expected ratio, averaged over the energy spectrum
is in Table(1.6) and also have no evidence for oscillation , for parameter region given by approximately
∆m2 > 7 × 10−4 eV2 for maximum mixing and sin22θ = 0.10 for large ∆m2.
Palo Verde [52]
Palo Verde group reported on reactor anti-neutrino measurement from Sep. 1998 to Jul. 2000. They
used three identical pressurized water reactor with a total thermal power of 11.63 GW in Arizona. The
detector was located in underground cave(32 m.w.e.). The distance between the detector and reactors are
890 m (for two reactors) and 750 m (for third reactor). The segmented detector consists of 66 acrylic
cells filled with 11.34 tons of Gd loaded liquid scintillator. Their result is listed in Table(1.6) and have
no evidence for oscillation , for parameter region given by approximately ∆m2 > 1.1 × 10−3 eV2 for
maximum mixing and sin22θ = 0.17 for large ∆m2.
Table 1.6: Results of The Short Baseline Neutrino Experiments
Experiment Distance [m] Result (Nobs/Nexp)
15 0.988 ± 0.004 (stat.) ± 0.05 (syst.)
Bugey [49][50] 40 0.994 ± 0.010 (stat.) ± 0.05 (syst.)
95 0.915 ± 0.132 (stat.) ± 0.05 (syst.)
CHOOZ [51] 1114.6, 997.9 1.01 ± 0.028(stat.) ± 0.027(syst.)
Palo Verde [52] 750, 890 1.01 ± 0.024(stat.) ± 0.053(syst.)
KamLAND [53][54]
The KamLAND experiment is a long baseline reactor experiment where average distance from Kam-
LAND to reactors is ∼ 180 km. The details of the KamLAND detector is described in Chapter 2. The
sensitivity for ∆m2 is down to 1.0 × 10−5 eV2, which includes the Large Mixing Angle (LMA) solution
regions for the solar neutrino problem.
In Dec. 2002, the KamLAND experiment reported the first evidence of reactor neutrino disappear-
ance using data from Mar. 2002 to Oct. 2002. The ratio of the number of observed events to the expected
events without oscillation is 0.601 ± 0.069 (stat.) ± 0.042 (syst.). The deficit of events is inconsistent
with the expected rate for standard reactor anti-neutrino propagation at 99.95 % C.L.
CHAPTER 1. INTRODUCTION 21
In Nov. 2004, the KamLAND experiment reported the evidence of reactor anti-neutrino spectrum
distortion using data from Mar. 2002 to Jan. 2004. The observed energy spectrum disagrees with the
expected energy spectrum without oscillation at 99.6 %. Two alternative hypotheses for neutrino disap-
pearance, neutrino decay and neutrino decoherence are tested by applying the goodness-of-fit procedure.
The result is 0.7 % (χ2p/DOF = 35.8/17) and 1.8 % (χ2p/DOF = 32.2/17) for neutrino decay and decoher-
ence, respectively. Assuming CPT invariance, combination of KamLAND and solar neutrino suggests
that the solar neutrino problem is solved by neutrino oscillation with parameters in LMA region.
Figure 1.12: The ratio of measured to expected ν̄e flux from reactor experiments. The solid circle is the
KamLAND result plotted at a flux-weighted average distance of ∼ 180 km. The shaded region indicates
the range of flux predictions corresponding to the 95 % C.L. LMA region from a global analysis of the
solar neutrino data. The dotted curve, sin22θ = 0.833 and ∆m2 = 5.5 × 10−5 eV2, is representative of a
best-fit LMA prediction and the dashed curve is expected from no-oscillations. [53]
1.3.6 Geo Neutrino Experiments [55]
The total power dissipated from the Earth has been measured with thermal techniques to be 44.2 ± 1.0
TW [56]. Despite this small quoted error, a more recent evaluation of the same data has led to a lower
figure of 31 ± 1.0 TW [57]. The cosmo-chemical analysis expects significant amount of radioactive
isotopes contained in the Earth, radioactive heat generation is thought to be 19 TW, 84 % of which is
produced by 238U and 232Th decay chain. Adding 40K, radiogenic heats are produced by following decay
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Figure 1.13: Neutrino oscillation parameter allowed region from KamLAND anti-neutrino data (shaded
region) and solar neutrino experiments (lines). Result of a combined two-neutrino oscillation analysis
of KamLAND and observed solar neutrino fluxes under the assumption of CPT invariance. The fit gives
∆m2 = 7.9+0.6−0.5 × 10−5 eV2 and tan2θ = 0.40
+0.10
−0.07 including the allowed 1 σ parameter range. [54]
with (anti-)neutrinos emission,
238U →206 Pb+84He+6e− +6ν̄e +51.7 [MeV]
232Th →208 Pb+64He+4e− +4ν̄e +42.7 [MeV]
40K →40 Ca+ e− + ν̄e +1.311 [MeV] (89.28%)
40K+ e− →40 Ar+νe +1.505 [MeV] (10.72%)
(1.25)
Thus the amount of radiogenic heat generation directly relate on the neutrino luminosity. In Jul.
2005, the KamLAND experiment reported the result about geo-neutrino using data from Mar. 2002 to
Oct. 2004. The Observed number of anti-neutrino candidate is 152 events and the total background
is estimated to be 127 ± 13 events, in which dominant backgrounds are reactor anti-neutrino and (α ,
n) events. Including the geo-neutrino detection systematic errors, part of which are correlated with the
background estimation errors, a rate only analysis gave 25+19−18 geo-neutrino candidates from the
238U and
232Th decay chains. Applying an un-binned likelihood analysis of the anti-neutrino energy spectrum in
geo-neutrino energy region and assuming a Th/U mass concentration ratio of 3.9, the 90 % confidence
interval of the total number of 238U and 232Th candidates to be 4.5 to 54.2. The central value 28.0 is in
agreement with the result of rate only analysis 25. This result is also consistent with the central value of
19 predicted by geophysical models.
1.4 Motivation
By many neutrino experiments which are described in this Chapter, solar neutrino problem was solved by
neutrino oscillation and almost of all oscillation parameters were measured precisely. However, currently
there remains several parameters which are not known well such as mixing angle θ13, CP phase δ and
neutrino mass hierarchy (the sign of ∆m232). Thus, several experiments are proposed or designed to search
these unknown parameters.
CHAPTER 1. INTRODUCTION 23
Figure 1.14: Result of the KamLAND experiment ([55]. Confidence intervals for the number of geo-
neutrinos detected. Left figure shows the 68.3 %(red), 95.4 %(green) and 99.7 % C.L. (blue) for detected
238U and 232Th geo-neutrinos. The small shaded area represents the prediction the prediction from the
geophysical model. The vertical dashed line represents the value of (NU - NT h)/ (NU + NT h) assuming
the mass ration, Th/U = 3.9, derived from chondritic meteorites, and accounting for the 238U and 232Th
decay rates and the ν̄e detection efficiencies in KamLAND. The dot shows the best-fit point, favoring 3
238U geo-neutrinos and 18 232Th geo-neutrinos. Right figure shows ∆χ2 as a function of the total number
of 238U and 232Th geo-neutrino candidates fixing the normalized difference to the chondritic meteorites
constraint. The grey band gives the value of NU + NT h predicted by the geophysical model. [55]
For reactor neutrino experiments, such as Double CHOOZ experiment is planed to start 2007 [58].
The goal is to search for a non-vanishing value of the mixing angle θ13 with two identical detectors for
improving the systematic error below one percent. Assuming the normal mass hierarchy m1 < m2 < m3,
the ν̄e survival probability can be written,




























The first two terms contain respectively the atmospheric driven and solar driven contributions, while
the third term, absent from any two-neutrino mixing model, is an interference between solar and atmo-
spheric driven oscillations which amplitude is a function of θ13. Therefore, up to second order in sin2θ13




, the survival probability can be expressed as
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cos4 θ13 sin2 2θ12 (1.27)
where the third term can safety be neglected given the current range of mixing parameters found in
neutrino experiments. Thus reactor experiments provide a clean measurement of the mixing angle θ13.
Figure(1.15) shows the expected sensitivity of Double CHOOZ in the case of no-oscillations, as a func-
tion of time.
Figure 1.15: Evolution of sin2(2θ13) sensitivity with the exposure time. The three curves shown here are
for different values of ∆m2atm in the legend. [58]
For the accelerator neutrino experiment, T2K experiment is planned to start 2009 [60]. This experi-
ment also measure the θ13 using νµ beam. the survival probability can be written as,




































where the sign of the second term refers to neutrinos (minus) or anti-neutrinos (plus). The sensitivity of
reactor and accelerator neutrino experiments are summarized in Table(1.7).
If νµ → νe is observed in the T2K first phase, there is a good chance of observing CP violation in
the T2K second phase. The CP asymmetry is calculated as
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ACP =
P(νµ → νe)−P(ν̄µ → ν̄e)








where δ is a CP phase. Figure(1.16) shows the CP sensitivity for each ∆m221.
Figure 1.16: CP sensitivity for each ∆m221. The numbers of νe and ν̄e appearance events including those
from backgrounds after 6 years of ν̄µ and 2 years of νµ running in the T2K second phase are shown.
Numbers on the plots indicates CP phase δ in degrees. CP phase at 0 degrees and 180 degrees correspond
to no CP violation. 3 sigma discoverly is possible for |δ | > 20 degrees. [60]
On the other hand, such as geo neutrinos experiments, there is a correlation between the amount
of radiogenic heat generation and the neutrino luminosity. In this case, neutrinos play as a probe for
searching for something which are related to neutrinos.
Therefore, precise measurement of oscillation parameters are indispensable for the future experi-
ments. In this thesis , Measurement with much higher precision of oscillation parameters (θ12, ∆m221) in
KamLAND experiment are presented. Compared with Ref [54], the total detector live time is increased
about three times, the fiducial volume is enlarged up to 6.0 m fiducial radius and the systematic error is
significantly reduced.
Chooz Beams Double-CHOOZ T2K
sin2(2θ13) sensitivity limit (90 % C.L.)
sin2(2θ13) 0.2 0.061 0.032 0.023
sin2(2θ13)eff 0.2 0.026 0.032 0.006
measurement for large sin2(2θ13) = 0.1 (90 % C.L.)





Table 1.7: Comparison of the sensitivity of reactor and accelerator based future experiments. The result
of the table has been extracted from Ref.[59]. ”Beams” mean the combination of the forthcoming MI-
NOS, ICARUS and OPERA experiments. Results for accelerator experiments are considered five years
operation. Results for Double-CHOOZ is considered three years operation. The line starting ”sin2(2θ13)”
provides the results of the computation taking into account all correlation and degeneracy effects. The
line starting sin2(2θ13)eff shows the results of a similar computation after ”switching off” those effects.
Chapter 2
KamLAND Experiment
KamLAND is the Kamioka Liquid scintillator Anti-Neutrino Detector. One of the goal of the Kam-
LAND experiment is a search for anti-neutrino oscillation using inverse-β decay in the liquid scintillator.
In this chapter, the construction of the detector and the method of anti-neutrino detection are described.
2.1 Site
Figure 2.1: KamLAND Detector Site.
Figure(2.1) shows the KamLAND detector and experimental site. The KamLAND detector is lo-
cated at the site of former Kamiokande experiment in Kamioka mine, 1,000 m under the top of the Mt.
Ikenoyama in Gifu Prefecture, Japan. The KamLAND coordinates are the 137.312082 east longitudes
and the 36.426545 north latitude in World Geodetic System (WGS) and 358.114 m above the sea level.
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The average rock overburden is 2,700 meter water equivalent (m.w.e.). This reduces the rate of cosmic-
ray muon rate to about 0.34 Hz in the inner detector. Figure(2.2) shows cosmic ray intensity as a function
of depth in m.w.e.
Figure 2.2: Cosmic ray muon intensity as a function of depth in meters water equivalent. [61]
2.2 Detector Design
Figure(2.3) shows the schematical view of the detector. The primary target for neutrino detection is
1,000 ton of the ultra pure liquid scintillator located at the center of the detector. This liquid scintillator
is filled in 13 m diameter plastic spherical balloon. The balloon is made of 135 µm thick transparent
nylon/EVOH (Ethylene vinyl alcohol copolymer) film and suspended with Kevlar ropes for keeping the
spherical shape. This balloon is surrounded by buffer oil made of dodecane and isoparaffin oil. This
buffer oil prevents the liquid scintillator from external radiation. This buffer oil is filled in 18 m diameter
spherical stainless-steel containment vessel. 1325 17-inch photomultipliers (PMTs) and 554 20-inch
PMTs are assembled on the stainless vessel for monitoring the light yield in the liquid scintillator. Total
photo coverage is 34 % and 17-inch PMTs contribute 22 % out of it. The buffer oil is separated by a
16.5 m diameter acrylic sphere with 3 mm thickness. This acrylic sphere prevent Rn generated from the
decay of isotopes in PMTs and stainless vessel. This stainless vessel is surrounded by a 3.2 kton water
Cherenkov detector. 225 20-inch PMTs, 16 8-inch PMTs and 6 5-inch PMTs are used for monitoring the
Cherenkov light in it. This is called outer detector (OD). OD absorbs external gamma-rays and neutrons
from surrounding rock and plays as veto counter for cosmic-ray muons. The calibration device is located
at the top of the detector. The calibration source goes through the concentric chimney region to the liquid
scintillator region.
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Figure 2.3: KamLAND Detector Schematic .
2.2.1 Liquid Scintillator and Buffer Oil
The KamLAND detector has 1,000 ton of the ultra pure scintillator located at the center. The component
of the liquid scintillator in KamLAND is as follows,
• normalparaffin (Dodecane , C12H26 ) 80.2% (0.7526 g/cm3 at 15◦C)
• pseudocumene (1,2,4-Trimetthylbenzene , C9H12 ) 19.8% (0.8796 g/cm3 at 15◦C)
• PPO (2,5-Diphyenyloxazole , C15H11NO) 1.36 g/ℓ
For anti-neutrino measurement, it is important for liquid scintillator to have high light output, high optical
transparency, low radioactive contamination and long term stability. Therefore, this mixture ratio of
normalparaffin to pseudocumene is adjusted to obtain the maximum light yield for central events. The
actual light yield is ∼ 300 p.e./MeV for 17-inch PMT only and ∼ 500 p.e./MeV for 17+20-inch. The
attenuation length of the liquid scintillator is measured by dye laser calibration as 10 m at 400 nm
wavelength [62]. The light output is 49 % anthracene (8,300 photons/MeV). The designed and actual
values of the liquid scintillator are listed in Table(2.1).
The KamLAND detector also has the buffer oil surrounding the liquid scintillator to prevent from
external radiation. The component of the buffer oil is 53 % normalparaffin (Dodecane , C12H26 ) and 47
% isoparaffin (CnH2n+2, n ∼14 ). The density difference between the liquid scintillator and the buffer
oil is less than 0.04 % to maintain the spherical balloon shape. Figure(2.4) shows the index of refraction
of the liquid scintillator , buffer oil and acrylic boards. The speed of light for the liquid scintillator and
buffer oil are estimated from this wavelength dependence. Figure(2.5) shows the emission spectrum of
the liquid scintillator. Figure(2.6) shows the transparency of KamLAND liquid scintillator.
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Table 2.1: The Liquid Scintillator Values [63]
parameter design value actual value
temperature ∼12 11.5
specific density at 15 ◦C 0.778 0.77754 ± 0.00010
H/C ratio 1.902 1.969
refractive index at λ = 590 nm, 14 ◦C 1.44 1.44087 ± 0.00015
light yield [p.e./MeV]
(a) 17-inch PMTs only ∼250 ∼300 at center
(b) 17-inch + 20-inch PMTs ∼400 ∼500 at center
time response parameters





neutron capture time [µsec] ∼212 211.2 ± 2.6
radiation length [cm] 18 -
flash point [◦C] 64 -
thermal expansion coefficient [/◦C] -0.00095 -
kinetic viscosity at 30 ◦C [cSt] 1.4 -
2.2.2 Number of Target Protons
As described in Section(2.3), KamLAND experiment uses inverse-β decay in the liquid scintillator. The
target nucleus is proton. The number of targets is calculated from the component of the liquid scintillator
materials and density measurement.
The measured density of the KamLAND liquid scintillator is 0.77754 ± 0.00010 g/cm3 at 15 ◦C.
The temperature coefficient of density expansion is measured to be 7.41 × 10 −4 g/cm3/K. Since the
temperature of the liquid scintillator in KamLAND detector is 11.5 ± 1.5 ◦C , the actual density is
estimated to be 0.78013 g/cm3. The ± 1.5 ◦C error corresponds to be 0.1 % density error. The ratio of
H/C, H/N and H/O is 1.96908, 17842.0 and 17842.0, respectively. Using above information, the number
of proton is given by :




In this analysis, the fiducial volume is 904.78 m3 in 6.0 m fiducial radius , therefore the number of the
target nuclei 1H is estimated to be
Number of 1H = (8.471×1022 /g)× (904.78×106 cm3)× (0.78013 g/cm3)× (0.99985)
= 5.978×1031


































Figure 2.4: Wavelength-dependence of the index of refraction of liquid scintillator, buffer oil and acrylic
board at 14 ◦C. The dots correspond to the data, and the dashed line correspond to the extrapolation
by fitting. The wavelength of PPO light emission is 350 ∼ 550 nm. Therefore, the index of refraction
corresponds to 1.44 ∼ 1.47 for liquid scintillator. The speed of light is defined by the group velocity,
which is the propagation speed of energy. In a dispersive medium, group velocity is slower than the
phase velocity. Therefore, the speed of light in the liquid scintillator is 19 ∼ 20 cm/nsec.
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Figure 2.5: Emission spectrum of the liquid scintillator.
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wave length [nm]



















Transparency of KamLAND LS
Figure 2.6: Transparency of KamLAND liquid scintillator
where 0.99985 is natural abundance of 1H. The contribution of water contamination is negligible. The
systematic uncertainty of the number of the target proton is estimated from ∼ 1.5 ◦C temperature uncer-
tainty and it corresponds to less than 0.1 %.
2.2.3 Purification System
The KamLAND experiment uses the delayed coincidence method described in Section(2.3) for anti-
neutrino detection. Thus radioactive impurities can be backgrounds as accidental coincidence or corre-
lated events. The neutrino event rate at KamLAND is expected to be ∼ 1 event/day. In order to reduce
the background event rate to a tolerable level (< 0.1 event/day), concentration of 238U, 232Th and 40K
should be removed to < 10−14 g/g, < 10−14 g/g and < 10−15 g/g, respectively. Therefore, the liquid
scintillator and buffer oil were purified when filling into the detector. Figure(2.7) shows the schematic
view of the water purification system. The system removes radioactivities (238U, 232Th, 40K and so on)
by filtration, water extraction and N2 purge. The filtration removes small particles with pore size from
1.0 µm to 0.05 µm. The water extraction removes ionized radioactive elements 238U, 232Th and 40K,
which are captured by water molecules. Pure water is applied for this system. The N2 purge removes
dissolved water, Rn gas and O2. After these purification system, 238U, 232Th and 40K are reduced to
be lower than the ICP-MS detection limit (∼ 10−13 g/g). The estimated concentration from the actual
KamLAND data is discussed in Chapter 7
2.2.4 Balloon and Kevlar Rope
The balloon is the key component of the detector which isolates the liquid scintillator from the external
buffer oil. It must satisfy the following requirement : low radioactivity, high transparency to light,
chemical compatibility with the liquid scintillator and buffer oil, impermeability to Rn, enough strength
to keep the spherical shape during the detector livetime.
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Figure 2.7: Schematic view of the purification system.
The balloon is made of five-layer film, EVOH(15 µm)/nylon(25 µm)d/nylon/nylon/EVOH. The total
thickness is 135 µm. EVOH has very small gas permeability and prevent Rn and oxygen efficiently. The
Rn concentration ratio of the balloon inside to outside can be 1.8 × 10−6. And a nylon is a strength
reinforcement material. The balloon consists of 44 pieces welded together. The light transparency is
more than 90 %. The radioactivities in the balloon film is listed in Table(2.2). There are 44 longitudinal
and 30 lateral kevlar ropes to keep the balloon spherical shape. This kevlar is aramid fiber and five times
stronger than steel on an equal weight basis.The longitudinal ropes are aligned along the welding line
on the balloon. The radioactivities in the kevlar rope is also listed in Table(2.2). The tension of each
longitudinal rope is monitored continuously for the balloon safety.
Table 2.2: Radioactivities in The Balloon Film and Kevlar Rope
balloon film U Th 40K
content [ppb] 0.018 0.014 0.27
decay [Bq] 0.02 0.006 7.2
kevlar rope U Th 40K
content [ppb] 0.08 0.8 1.2
decay [Bq] 0.1 0.33 31
2.2.5 PMT
The KamLAND inner detector has 2 PMT types. One is specially developed fast PMT with 17-inch-
effective diameter photocathode called 17-inch PMT. The other is 20-inch diameter used in farmer
Kamiokande called 20-inch PMT. Figure(2.8) shows the schematic view of the 17-inch and 20-inch
PMT. KamLAND uses 1325 17-inch PMTs and 554 20-inch PMTs . The big difference between 17-inch
PMT and 20-inch PMT is the dynode shape. 17-inch PMT uses Line-focus type and 20-inch PMT uses
Venetian-blind type. The 17-inch PMT improve time-transit-spread (TTS) from ∼5.5 nsec (FWHM,
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20-inch PMT) to ∼3 nsec. The peak-to-valley ratio is also improved from ∼1.5 to ∼3.0.
A magnetic field affects the electron trajectory and consequently the PMT gain. This effect is less
than 20 % in a magnetic field below 50 m Gauss. In KamLAND, compensating coils are located in the
cavern to reduce the terrestrial magnetic field (∼500 m Gauss) to a level well below the limit. Figure(2.9)
shows the quantum efficiency as a function of the wavelength. A typical value of the quantum efficiency
is about 22 % from 350 nm to 400 nm.
Figure 2.8: Schematic view of the 17-inch and 20-inch PMT.
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Figure 2.9: Quantum efficiency of the KamLAND PMT as a function of wavelength.
2.2.6 Front-End Electronics
The KamLAND electronics system is called Front-End Electronics(FEE). The electronics are based on
the Analog Transient Waveform Digitizer (ATWD). Figure(2.10) shows the Schematic diagram of the
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FEE readout system. The ATWD chip holds analog signal waveform on array of condensers. When
triggered, the ATWD chip also digitizes an analog signal to 128 of 10-bit samples with sampling interval
1.5 nsec. Two identical ATWD (named A channel and B channel) are available for each PMT and
alternate everytime for reducing deadtime during the analog-digital conversion (A/D conversion). Three
different types of gain for amplifying the PMT signal are also available. High gain channel collects
20 times amplified waveforms for detecting single photo-electron signals. Middle gain channel collects
4 times amplified waveforms in case High gain channel is saturated. And Low gain channel collect 0.5
times attenuated waveforms in case Middle gain channel is saturated , mainly caused by muon. Generally
each FEE board has 12 channels and is separated for 17-inch PMTs, 20-inch PMTs and PMTs in the
outer detector. The threshold of discriminator is adjusted to about 1/3 p.e. pulse hight (0.5 mV). The
discriminator generates a 125 nsec pulse, and the number of triggered discriminator (nsum) is counted
by the trigger system. This nsum information is used for the global trigger described in Section(2.2.7).



















 0.5 mV (1/3 p.e.)
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Prompt: > 200 (~0.8 MeV)
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Figure 2.10: schematic diagram of the Front-End Electronics readout system
2.2.7 Trigger System
The global trigger decision is based on the nsum information from the FEE board. When the global
trigger is issued, the waveforms of hit channels are digitized. There are two types of the global trigger
for ID events, named ID prompt trigger and ID delayed trigger. The prompt trigger threshold is 200 hits
of 17-inch PMTs, corresponding to about 0.8 MeV. After the prompt trigger is issued, 1 ms time window
for ID delayed trigger is opened. The delayed trigger threshold is 120 hits and this trigger is used for low
energy background detection such as 214Po, 212Po and 85Kr.
For the outer detector (OD), the number of PMT hits are recorded separately at top, upper, lower
and bottom regions. Their thresholds is 6, 5, 6 and 7 hits, respectively. The efficiency of OD trigger
is estimated from muon events. As described in Section(3.8.1), the OD efficiency is ∼ 8 % and 0.2
% before and after trigger modification, respectively. When OD trigger is issued, the OD-to-ID trigger
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is issued. It sends a global acquisition command to the ID FEE board without any ID threshold. This
trigger is used for OD-correlated events such as fast neutron.
The history trigger is based on the ID nsum being above the history trigger threshold 120 and it is
issued every 25nsec while above threshold up to a maximum of 200 nsec. The maximum nsum is called
”NsumMax”. This trigger does not record waveforms of hit PMTs.
The prescale trigger is issued to the ID FEE boards for a fraction of every second and used for the
high rate data acquisition such as source calibration run and background run. The trigger efficiency of
the prompt trigger is estimated from delayed trigger events and described as follows :
εprompt trigger =
number of delayed trigger events with NsumMax ≥ 200
number of delayed trigger event(threshold 120)
(2.1)
The trigger efficiency of the delayed trigger is estimated from low threshold prescale trigger events and
described as follows :
εdelayed trigger =
number of prescale trigger events with NsumMax ≥ 120
number of prescale trigger event(threshold 35)
(2.2)
Figure(2.11) and (2.12) show prompt trigger efficiency and delayed trigger efficiency with 6.0 m
fiducial radius, respectively. For the prompt trigger, 99% at 0.92 MeV in the visible energy scale. This
corresponds to 1.10, 0.90 and 1.00 MeV in e+, e− and γ energy scale, respectively. For the delayed
trigger, 99% at 0.47 MeV in the visible energy scale. This corresponds to 0.57, 0.47 and 0.56 MeV in
e+, e− and γ energy scale, respectively.
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99% at 0.92 MeV
delayed trigger (120 hits)
prompt trigger (180 hits)
Trigger Efficiency of Prompt Trigger with R 6.0m Fiducial 
Figure 2.11: The prompt trigger efficiency within 6.0m fiducial volume(red line). The black line shows
energy spectrum of delayed trigger event (threshold is 120). The cyan histogram shows energy spectrum
of delayed trigger with NsumMax ≥ 200.
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99% at 0.47 MeV
low threshold trigger (35 hits)
delayed trigger (120 hits)
Trigger Efficiency of Delayed Trigger with R 6.0m Fiducial 
Figure 2.12: The delayed trigger efficiency within 6.0m fiducial volume(red line). The black line shows
energy spectrum of prescale trigger event (threshold is 35). The cyan histogram shows energy spectrum
of prescale trigger with NsumMax ≥ 120.
2.2.8 Data Acquisition System
After the trigger system decides whether or not a collection of PMT signals constitute an event worth
recording, and notifies the FEE to digitize the analog traces, the data read-out system reads these digital
signals out of the FEE and archives them to computer storage. The read-out is done asynchronously.
Thus signals from multiple events are mixed into one unified stream of data. Then event builder reads
in this asynchronous data and groups the digital traces according to individual event and archiving the
time-ordered data to computer disk. These digitized waveform data are converted to time and charge in-
formation for each hit PMT described in Chapter(3). Figure(2.13) shows the flow chart of the KamLAND
data acquisition.
2.2.9 Calibration System
For monitoring and calibrating the KamLAND detector response, various radioactive sources are de-
ployed. These sources are listed in Table(2.3). Currently z-axis calibration and off-axis calibration
named 4π calibration are available. Firstly, z-axis calibration system uses a Teflon-coated stainless steel
cable to bring a radioactive source down to the detector volume from the glove box.
4π system consists of seven segments of titanium tube whose length is 0.90 m. At first, up to seven
of these segments are joined and lowered vertically into the detector volume. By changing the number
of segments, calibration at any (r , θ ) become available. φ direction is spanned by rotating glove box. A
radioactive source is attached at the end of the lowest pole. Two woven steel and nylon strap can control
the pole position like ”bottle-ship”. Each pole has low rate 60Co source for monitoring the 4π system. A
pivot block keeps the straps in a vertical orientation through the chimney position. Figure(2.14) shows
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Figure 2.13: KamLAND data acquisition. (1)Analog PMT signals are recorded in FEE. (2)The trigger
system calculates the number of PMT hits in the past 125 nsec. (3)If the number of PMT hits satisfy the
trigger criteria, the FEE digitize the PMT signals. (4)The digitized PMT signals and the trigger data are
read-out and save to computer disk. (5)The event builder time-orders the data and saves to the computer
disk.
4π calibration work. During calibration, Nitrogen gas are supplied in Glove box to shield from Rn. The
analysis result of these calibration data is given in Chapter 3.
Table 2.3: KamLAND Calibration Sources
Source Type Energy [MeV]
203Hg 1 γ 0.2791967
210Po13C 1 γ 0.80310 from 210Po
(α ,n) detail is described in Section(7.5)
137Cs 1 γ 0.661660
68Ge 2 γ 0.511 × 2 = 1.022
65Zn 1 γ 1.11552
60Co 2 γ 1.173 + 1.333 = 2.506
Am-Be 1 γ 4.439 , 7.654 , 9.641 from excited C
1 γ 2.223 from n capture
LED
Laser
2.3 Anti-Neutrino Detection Method
The detection method of anti-neutrino events is the inverse beta decay reaction written as follows,
ν̄e + p → n+ e+ (2.3)
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Figure 2.14: 4π Schematic view. The yellow line shows cable and the black line shows the titanium tube.
The magenta point shows the calibration source.
The positron annihilates with electron and emits two 0.511 MeV gamma-rays. This signal appears as
”prompt signal”. The neutron is thermalized by elastic scattering in the liquid scintillator and then
captured by proton after 207 ± 2.8 µsec (described in Section(5.3.3)) and creates deuteron with 2.2
MeV gamma emission. This signal becomes ”delayed signal”. These two successive signals have both
timing and space correlation. By using delayed coincidence method, the backgrounds which do not have
timing or space correlation are significantly removed.




= 1.806 [MeV] (2.4)
where Mn is neutron mass, Mp is proton mass and me is electron mass. The anti-neutrino energy Eν̄e is
written as follows,
Eν̄e +Mp = Te+ +me +Mn +Tn
Tn ≈ 10[keV]
(2.5)
where Te+ is positron kinetic energy and Tn is neutron kinetic energy. In the reactor neutrino analysis, Tn
is ∼ 10 keV. Thus the prompt energy including positron annihilation is written as,
Eprompt = Te+ +2me
= Eν̄e +Mp −Mn +me −Tn
= Eν̄e −Tn −0.782[MeV]
(2.6)
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Figure 2.15: Inverse beta decay reaction.
2.3.1 Cross Section of Inverse Beta Decay














× [ῡν̄γµ(1− γ5)υe] (2.7)
where f = 1, g = 1.26, f2 = µp - µn = 3.706 and cosθC = 0.974. At the zeroth order in 1/M, the positron
energy is[65][66],
E(0)e = Eν −∆ (2.8)







[( f 2 +3g2)+( f 2 −g2)v(0)e cosθ ]E(0)e p(0)e (2.9)
where pe is the positron momentum
√
E2e −m2e and ve is the velocity pe/Ee. The overall factor σ0,






where δ Rinner ≅ 0.024. This gives the standard result for the total cross section as follows,
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The decay rate of neutron is affected by the energy-independent inner radiative correction in the same







where fRp.s. = 1.7152 is the phase space factor, including the Coulomb, weak magnetism, recoil and outer






































Γ = 2( f + f2)g
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gv(E) is a virtual part and gb(E) is a bremsstrahlung part and they are given by the following expressions,













































































































































From Eq.(2.12), the uncertainty of the cross section from the neutron lifetime, which is measured to
be 885.7 ± 0.8 sec [67]. With O(1/M) corrections, the systematic error of the cross section is estimated
to be 0.2 % [64][66].
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anti-neutrino Energy [MeV]

















Figure 2.16: The total cross section of the inverse beta decay reaction.
Chapter 3
Event Reconstruction and Detector
Calibration
3.1 Waveform Analysis
In the waveform analysis, digitized waveforms are converted to time and charge information for each
hit PMT. There are 128 samples which interval is about 1.49 nsec between each sample resulting total
sampling period of 190 nsec. The middle figure of Figure(3.1) shows one photon event. As this figure,
one photon signal make a clear pulse. Timing and charge information are extracted from smoothed
waveform after pedestal subtraction. Accuracy of the pulse timing is determined by the sampling width
1.49 nsec, which is almost same as the transit time spread of 17-inch PMTs.
Individual analog buffers have particular charge offsets for each channel and for each sampling bin.
This fine structure is subtracted from the waveform. At the beginning of each run, 50 pedestal waveforms
are recorded. Those pedestal waveforms are averaged and used for the estimation of the pedestal value.
The baseline is also readjusted to zero everytime, since the baseline can move event by event and channel
by channel due to aftereffects of the previous pulse. Peak in the waveform is identified with derivatives
and the leading edge is defined as the start time bin of each pulse. The leading edge of the first pulse
is used for the event reconstruction. The charge is defined as the total area of all pulses. This charge
information is calibrated by one photon pulse described in Section(3.3).
3.2 Time Bin Width Calibration
At the beginning of the run, clock pulses are generated for bin width calibration for each channel. The
time interval of the clock pulse is 25 nsec and typical number of sampling is ∼ 17 per one clock. The left
figure of Figure(3.1) shows waveform display for clock pulse. The time information for each channel is
corrected using these clock pulses.
43
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Figure 3.1: Typical waveform display (Left)clock test pulse. The time interval of the clock pulse is 25
nsec and typical number of sampling is ∼ 17 per one clock. (Middle)one photon signal. The red line
shows the analyzed peak position of the pulse. The blue line shows the leading edge. The magenta line
shows the baseline of the waveform. (Right)signal of muon event. The high gain and the middle gain are
saturated.
3.3 ID PMT Gain Calibration
The single photo-electron charge is defined by area of a 1 p.e. pulse in a waveform. The 1 p.e. charge
has been increasing slowly. This PMT gain drift must be corrected channel by channel and run by run
using well-defined one p.e. signal. The signal selection is done as follows,
• 2 msec veto after µ
• Not noise event or µ event
• 120 ≤ NsumMax ≤ 180 (low occupancy event)
• distance between PMT and reconstructed vertex is more than 6 m
• 1 peak in waveform
Figure(3.2) shows single photo-electron distribution for 17-inch PMT and 20-inch PMT. It shows
clear 1 p.e. peak for 17-inch PMTs but not for 20-inch PMTs because of the different of dynode type.
Thus, gain calibration with one p.e. signal is applied only for 17-inch PMTs. And muon events are used
for 20-inch PMT gain calibration. The ratio of average charge of 8 neighboring 17-inch PMTs to the
charge of target 20-inch PMT is used for the correction factor. Figure(3.3) shows the charge distribution
of muon events and the ratio of charge. Figure(3.4) shows time variation of the gain correction.
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Figure 3.2: Single photo-electron distribution for typical 17 inch PMT (Left) and 20-inch PMT (Right).
































Mean    2.402
RMS    0.3167
Underflow       0
Overflow        0
 / ndf 2χ  41.83 / 40
Constant  3.647± 97.48 
Mean      0.006961± 2.397 
Sigma     0.005411± 0.2339 
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Mean    2.357
RMS      0.32
Underflow       0
Overflow        0
 / ndf 2χ  42.26 / 40
Constant  4.001±   105 
Mean      0.006698± 2.347 
Sigma     0.005623± 0.2261 
Figure 3.3: Gain calibration for 20-inch PMT. Charge distribution of one 20-inch PMT A channel and
average charge of 8 neighbor 17-inch PMT channels. (Top Left) Charge ratio of average charge of 8
neighbor 17-inch PMTs to the charge of target 20 inch PMT A channel.(Top Right). Bottom two figures
are for B channel.
3.4 PMT Bad Channel Selection
There are some unstable PMTs or missfunctioning FEE channels. These channels are masked to prevent
an unexpected bad effect on vertex and energy reconstruction. The bad channels are searched for channel






















2002 2003 2004 2005 2006 2007
17 inch
20 inch
Figure 3.4: Time variation of gain correction. The vertical axis shows the correction factor of gain. The
blue points show 17-inch PMTs and red point show 20-inch PMTs. Three green lines corresponds to
the electronics update (Jan. 2003) , start using 20 inch PMT (Feb. 2003) and replacement of HV power
supply (Jan. 2004).
by channel and run by run.The selection criteria for the inner detector is as follows :
• hit rate ( < 1,000 hits / 10,000 events)
• No-hit rate ( > 1,000 no-hits / 10,000 events)
• hit rate in high charge µ events ( 80 hits / 100 high charge µ)
• Difference of hit rate between A and B channel ( > 22% difference in 100,000 events )







> 400 p.e. ,Q j > 0, j : neighbor PMT)
• ADC counts for 1 p.e. is too low (< Q̄ADC × 1/4 ) or too high (> Q̄ADC × 4), Q̄ADC : mean ADC
counts corresponding to 1 p.e. of all 17 inch PMT
For the outer detector, hit rate ( < 1,000 hits / 10,000 events) is used for selection. Figure(3.5) shows
time variation of number of bad channels.
3.5 PMT Timing Calibration
For hit timing calibration of each PMT, a dye laser is available. Figure(3.6) shows the schematic view
of the laser calibration. A dye laser pulse (∼1.2 nsec width) is sent to the center of the detector via a


























Figure 3.5: Time variation of bad channels. The vertical axis shows number of bad channel. The blue
points show the inner 17-inch PMTs bad channels, red point show inner 20-inch PMTs and magenta
points show outer 20-inch PMTs.
quartz optical fiber and a diffusion ball there illuminates PMTs in all direction. Wavelength of dye laser
is chosen at 500 nm so that inconvenient absorption and re-emission are suppressed. The intensity can
be changed by neutral density filters. Figure(3.7) shows the timing response of one PMT as a function
of charge. The fitting function is as follows,
T (Q) = P0 +P1 × (log10Q)+P2 × (log10Q)2 (3.1)
where T(Q) corresponds to hit time for charge Q, P0, P1 and P2 are fitting parameters. The TQ-map are
made for each gain and each channel of inner PMTs.
Figure(3.8) shows the result of timing calibration. Small peculiar drift of the timing is relatively corrected
within normal run using events within 6m fiducial and low hit ( Nhit ≤ 240 ). By comparing photon
arrival time with that of the other PMTs, this calibration is done for each channel and each run.
3.6 Vertex Reconstruction
3.6.1 Algorithm of Vertex Reconstruction
The vertex reconstruction is based on PMT hit timing information. The maximum likelihood method is
applied. From a vertex point (x,y,z) and some global offset time t, the residual delays of the signal of
i-th PMT τi is written as :
τi = ti − t −TOFi (3.2)
where ti is the observed timing of the i-th PMT , TOFi is time of flight calculated from the distance
from vertex to PMT positions and the effective light speed in the KamLAND Liquid Scintilator. The
















Figure 3.6: The schematic view of laser calibration run.












where ϕ is the pulse shape which reconstructed from the distribution of TQ-reconstructed hit time. From














































The vertex fitter searches that maximum-Likelihood position and gives the best vertex (x,y,z).
3.6.2 Vertex Reconstruction Quality
The vertex reconstruction is optimized with z-axis and is later verified with off-axis source calibrations
and various spallation events. Figure(3.9) shows the deviation from the source position using z-axis
source calibration data. From this figure , the bias of mean position is less than 3 cm within 6 m radius.
The resolution of vertex reconstruction is extracted by comparing observed distribution with convolution
of γ-ray travel and resolution smear as shown in Figure(3.10). Figure(3.11) shows vertex resolution
CHAPTER 3. EVENT RECONSTRUCTION AND DETECTOR CALIBRATION 49
Figure 3.7: Typical correlation between time and charge for a channel of 17-inch PMT in the timing
calibration data. (Top)correlation between time and charge for cable number = 0, ATWD A-channel and
High gain. (Bottom)correlation between time and charge for cable number = 0 and all gain. The red
points show ATWD A-channel data and the black points show ATWD B-channel data
for various calibration sources and Figure(3.12) shows position dependence of vertex resolution. The
stability of vertex resolution is also confirmed with frequent 60Co and 68Ge calibration located at the
center (Figure(3.13)). The energy dependence of vertex resolution is estimated to be 12.1 ± 1.5 cm /√
E[MeV] and 12.5 ± 1.5 cm /
√
E[MeV] for 17 + 20-inch PMT analysis and 17-inch PMT only analysis.
Miss reconstruction probability is also estimated from 60Co events which has the vertex position larger
than 150 cm from the source position after the background subtraction and estimated to be less than 0.2
% (Figure(3.14)).
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Figure 3.8: Timing distribution after TQ correction. The histograms show hit time distribution of all
17-inch PMT hits for 1 p.e. events. (Top) before correction. (Bottom) after correction.
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Co 1.173 + 1.333 MeV60: 
Hg 0.279 MeV203: 
 2×Ge 0.511 MeV 68: 
Cs 0.662 MeV137: 
Zn 1.116 MeV65: 
Fiducial
Figure 3.9: Vertex deviation between reconstructed z of radioactive source and expected position.
(Blue, triangle)60Co, (Red, circle)68Ge, (Magenta, square)65Zn, (Green, rhomboid)203Hg, (Cyan,
triangle)137Cs, (Black, star)Am-Be. The deviation is within 3 cm for all sources.
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Charge Dispersion + Vertex Resolution
Fluctuation [cm]



















Charge Dispersion + Vertex Resolution
Figure 3.10: Vertex resolution for each calibration source located at the detector center. The blue points
show data. The green histogram shows charge dispersion simulated by GEANT4 [76]. The red histogram
shows charge dispersion + vertex resolution.
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17 + 20 inch
Figure 3.11: Vertex resolution for each calibration source as a function of energy. (Left)17-inch PMT
only analysis. The energy dependence of vertex resolution is estimated to be 12.5 ± 1.5 cm /
√
E[MeV]
(Right) 17 + 20-inch PMT analysis. The energy dependence of vertex resolution is estimated to be 12.1
± 1.5 cm /
√
E[MeV].
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17 inch + 20 inch
Co60
Figure 3.12: Vertex resolution for each calibration source located at various position. The position
dependence of vertex resolution is negligible.
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Co vertex distribution60time variation of 
(source located at the detector center)
Figure 3.13: Time variation of vertex resolution using 68Ge (Top) and 60Co (Bottom) located at detector
center. The green lines show expected vertex resolution (12.1 ± 1.5 cm /
√
E). The cyan line show the
start time using 20-inch PMT information.
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Figure 3.14: Miss reconstructed probability of 60Co events which has the vertex position larger than 150
cm from the source position after the background subtraction. The missed reconstruction probability is
extimated to be less than 0.2 %.
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3.7 Energy Reconstruction
3.7.1 Algorithm of Energy Reconstruction
The energy reconstruction is based on the charge information of PMT hits. However, the correlation
between the energy and the charge is not simple since there are several effect such as nonlinear effect on
the detection efficiency of single photo-electron, the dark hit charge, the quenching effect of the liquid
scintillator and Cherenkov light effect.
Charge Correction before The Calculation of The Energy
Before the calculation of the energy, the charge of each PMT is calibrated to reduce the time variation
of the detector responce. The gain correction and bad channel masking described in Section(3.3) and
Section(3.4) are done. The PMTs which have less than 0.3 p.e. are not used for reducing the PMT noise.
The PMTs which have unreasonably higher charge than the average of neighboring PMTs are replaced
with a charge which is estimated from a charge of the neighboring PMTs. The dark hit charge is estimated
from hits in off-time 50 nsec window to reduce the non-linearity effect on the energy. Figure(3.15) shows
the timing distribution of PMTs hits after the correction of the time of flight (TOF). The contribution of
the dark hit charge is 10 ∼ 15 p.e., corresponding to 3 ∼ 5 % for 1 MeV events. Figure(3.16) shows the
time variation of the dark charge and temperature of the buffer oil. The time variation of the dark charge
is correlated with the temperature of the buffer oil.
Calculation of The Energy
The visible energy is calculated from the observed charge sum and the expected charge sum from the












where each parameter is defined as follows,
Qobservedi : observed charge for ith PMT [p.e.]
Qexpectedi : expected charge for ith PMT [p.e.]
ηi : light loss by balloon shadow effects
θi : angle of incidence
Li : distance to the reconstructed vertex point
λ : light attenuation length
ξi : single photo electron threshold effect
Figure(3.17) also shows the definition of variables used in the energy reconstruction.
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hit time after TOF subtraction [nsec]



















Figure 3.15: Timing distribution of PMT hits after TOF subtraction. The blue line (0 ∼ 150 nsec) shows
analysis window using for the energy estimation. The red line (-100 ∼ -50 nsec) shows the dark hit
window.
The light loss by balloon shadow effects is estimated from the geometrical informations which in-
clude kevlar rope information. This effect and its time dependence are calibrated by 60Co source at the
detector center. Figure(3.18) shows the correction of shadow effect from the balloon and ropes.
The attenuation length is the most important parameter to estimate the light yield. In KamLAND,
large fraction of scintillation light is absorbed by the scintillator. These photon absorption excites the
fluor and then it emits light again (re-emission light). The attenuation length becomes longer by this
re-emission effect. Furthermore, the acrylic plate in the buffer oil reflects the scintillation or re-emission
light and also change the effective attenuation length. This effective attenuation length is a tuning pa-
rameter and from various source calibration data, the value ∼ 26 m (Figure(3.19)) is obtained.
The single photo electron threshold effect comes from a finite efficiency of 1 p.e. signal. In case 100
% efficiency and perfect charge resolution, probability of 1 p.e. observation is expressed with Poissontan,
P(1) = µe−µ (3.6)
where µ is the mean number of photo electrons given by,
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18 Outer Buffer bottom
Figure 3.16: Time variation of the dark charge and temperature of the buffer oil separated for 4 regions
(upper, middle, lower, bottom). The time variation of the dark charge is correlated with the temperature
of the buffer oil, especially upper region and middle region.
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Considering the 1 p.e. detection efficiency ε and full efficiency for more than 1 p.e., probabilities of 0
p.e. and N p.e. (N ≥ 2) observation are written as follows,





e−µ (N ≥ 2)
(3.8)
Then the expected charge is,
Qexpectedj = q(1)×P(1)+ ∑
N≥2
[q(N)×P(N)] (3.9)




[q(N)×P(N)] = µq1 ≡ Qexpected−no−thresholdj (3.10)
where q1 is the mean charge of 1 p.e. events with no threshold effect. Then, again considering that only
1 p.e. events are affected by the threshold effect, Eq.(3.9) is converted to,
















here, q(1) is determined from the following relation,
q1 = q(1)ε +qloss(1− ε) (3.12)










The parameter δ is determined using the real data. 60Co (2 γ 1.173 + 1.333 MeV) and 65Zn (1 γ ,
1.116 MeV) have similar γ-ray energy, so all but threshold effect such as the quenching and Cherenkov
light effects work similarly. Therefore, it is useful to separate the threshold effect and the quenching and
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Cherenkov light effects. The residual non-linearity in energy determination can be caused by the single
photoelectron threshold effect. From these calibration data, the δ is measured to be 0.03.
The signal from 20-inch PMTs information are used since Feb.2003. In 20-inch PMT, there is no 1
p.e. peak and the charge dependence of the visible energy is not the same as 17-inch PMT. Therefore,
the mean value of visible energy from 20-inch PMTs (E20inch) is calibrated with that of 17-inch PMTs
(E17inch) and then they are combined for better statistical accuracy as follows,
Evisible = (1−α)×E17inch +α ×E20inch (3.14)
where α is the weighting factor for giving the best resolution. Figure(3.21) shows the variation of the
energy resolution as a function of α and α is optimized to 0.3. Figure(3.22) shows the deviation of the
combined energy from 17-inch energy and it is less than 0.8 %.
Figure 3.17: Definition of variables using in the energy reconstruction.
3.7.2 Energy Reconstruction Quality
The visible energy is calibrated by source calibration data and spallation products induced by cosmic-
ray muons. The deviation of visible energy is caused by the position dependence, time variation and
combining error of 20-inch PMTs.
After the fundamental corrections, time variation still remains in the observed energy. Its variation is
monitored using 40K 1.46 MeV γ peak emitted from the balloon film and its ropes. Figure(3.23) shows
the visible energy spectra for various fiducial cuts and time variation of the 40K γ peak.
The peak value is used for the relative time dependent correction. After the correction, the uncertainty
of the time variation is checked by the neutron capture γ and source calibration run. Figure(3.24) shows
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Co calibration source at detector center60 
Figure 3.18: Correction of shadow from the balloon and ropes. After shadow correction, the polar angle
θ dependence is vanished.




















310× Zn (z = -5.75 m ~ +5.75 m)65 
 = 26 mλ
Figure 3.19: Effective light attenuation length in the liquid scintillator and buffer oil using 65Zn calibra-
tion data. In this case, effective attenuation length λ is ∼26 m.
the time variation of spallation neutrons captured on protons after the correction of the time variation
using 40K γ peak. Its variation is less than 0.8 %. The source calibration are performed along z-axis
and off-axis by 4π calibration system. The position dependence and time variation for z-axis calibration
data are described in Section(3.9.1). Gamma-ray generated by neutron capture interaction is also the
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17 + 20-inch EResolution = 6.5 %/
17-inch EResolution = 7.3 %/
Co , Visible Energy60
Figure 3.20: Energy Resolution for 17-inch PMT Analysis and 17+20-inch PMT Analysis. The data is
60Co source located at the detector center. The blue histogram shows energy spectrum using only 17-inch
PMT. The red histogram shows energy spectrum using 17+20-inch PMT. As seen, the energy resolution
is improved using 20-inch PMT.
calibration source which are uniformly distributed in the detector. Figure(3.25) shows the deviation with
the radius dependence and z-dependence from the neutron events. The deviation is less than 0.5 % and
1.0 % for the radius and the Z within 6 m fiducial radius, respectively.
For delayed coincidence events, delayed events have a negative energy bias due to the electronics.
The energy bias depends on their prompt energy and time correlation. As prompt energy becomes higher
and the time correlation becomes shorter, the delayed energy becomes smaller. To reduce its bias, AmBe
calibration data is used. The correlation between prompt energy and delayed energy and the correlation
between ∆T and delayed energy are shown in Figure(3.26).
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Figure 3.21: Variation of the combined energy resolution as a function of combined factor α . The yellow
line (0.3) shows the best parameter.
















combined energy non-linearity < 0.8%
Figure 3.22: Combined energy linearity as a function of E17inch. The linearity of the combined energy
is verified by the radioactive isotopes (214Po, 68Ge, 65Zn, 60Co, AmBe). The high energy region up to
14 MeV is supported by the spallation products such as 12B. The uncertainty of the combined energy
non-linearity is less than 0.8 %.
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K peak energy40time variation of 
Figure 3.23: (Left)Visible energy spectra for various fiducial volume. The black histogram shows spectra
for the whole volume. The red histogram shows R < 5.5 m and the blue histogram shows 6.0 < R < 6.5
m. The 40K peak position in the blue histogram is used for the relative calibration. (Right)Time variation
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time variation of spallation neutron energy
Figure 3.24: Time variation of spallation neutrons captured on protons (2.22457 MeV γ) after time
dependent correction using 40K γ peak. The variation is within 0.8 %.
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Figure 3.25: Position dependence of visible energy for neutron events captured on protons (2.22 MeV γ .
(Top) The reconstructed energy deviation as a function of radius. The deviation is less than 0.5 % within
6 m fiducial radius. (Bottom)The reconstructed energy deviation as a function of Z. The local variation
near the top and bottom region is less than 1.0 %.
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Figure 3.26: Delayed energy correction using AmBe calibration source located at the detector center.
(Top-Left)The correlation between delayed energy and ∆T. Below 100 µsec, the delayed energy before
correction becomes smaller than expected (2.2 MeV). (Top-Right) the correlation between delayed en-
ergy and prompt energy with time correlation cut (0.5 < ∆T < 15 µsec). Higher prompt energy events
have larger energy bias of delayed energy. (Middle-Left) the correlation between delayed energy and
prompt energy with time correlation cut (15 < ∆T < 30 µsec). (Middle-Right) the correlation between
delayed energy and prompt energy with time correlation cut (30 < ∆T < 50 µsec). (Bottom-Left) the
correlation between delayed energy and prompt energy with time correlation cut (50 < ∆T < 100 µsec).
(Bottom-Right) the correlation between delayed energy and prompt energy with time correlation cut (100
< ∆T < 1000 µsec).
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3.8 Muon Track Reconstruction
The KamLAND detector is located at an average rock overburden of 2,700 m.w.e. Therefore the rate
of cosmic-ray muons in the detector volume is about 0.34 Hz. These muons sometimes interact with
neuclei in the detector and produce radioactive isotopes. These isotopes decay via β± decay with various
energies less than 20 MeV, Some of them emit neutrons and make fake signals of electron anti-neutrinos.
So it is important for the electron anti-neutrino selection to identify the muon tracks and to remove these
correlated backgrounds. In this section, muon selection criteria, tracking algorithm and its performance
are described .
3.8.1 Muon Selection Criteria
Selection criteria for muon is as follows,
• QID17inch ≥ 10,000 p.e. (about 0.32 Hz)
• QID17inch ≥ 500 p.e. and N200OD ≥ 5 (about 0.027 Hz)
where QID17inch is the charge sum of the 17 inch PMTs in the detector and N200OD is the number of the
maximum outer detector’s PMT hits within 200 nsec time window. Figure(3.29) shows timing distribu-
tion of hit OD PMTs for muon events. To remove accidental OD hits and to improve ID/OD efficiency
,an OD 200 nsec timing cut is applied. the definition of ID/OD inefficiencies are as follows,
ID inefficiency(selection) =
500 < Q17 < 1,000 and N200OD < selection
500 < Q17 < 1,000
OD inefficiency(selection) =
100,000 < Q17 and N200OD < selection
100,000 < Q17
(3.15)
Figure(3.27) shows the ID/OD inefficiency as a function of N200OD and Figure(3.28) shows time
variation of ID/OD inefficiency. Figure(3.30) shows the charge distribution of muon events and Fig-
ure(3.31) shows the time interval between muon events. the muon rate is estimated to be ∼0.34 Hz.
3.8.2 Algorithm of Muon Track Reconstruction
The muon track reconstruction is based on the timing information of PMT hits. Muon events generate the
Cherenkov photons and scintillation photons along their tracks in the detector. The Cherenkov photons
are emitted to the constant θ related to the index of refraction if the reemitted photons are ignored. The
scintillation photons are emitted to all directions. Using the definition of Figure(3.32), the observed time
t at the PMT is written as follows,













(z− l)2 +ρ2 × n
c
(3.16)
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stability of ID/OD inefficiency
Figure 3.28: Time variation of ID/OD inefficiency. (Right) focused on 0 % ∼ 3 % region. The green line
corresponds to OD trigger modification.
where t0 is the time when a muon entered to the detector and n is the index of refraction. The velocity
of the muon is approximated to be the speed of light. Therefore , the minimum of t calculated by the





This angle is same as the Cherenkov angle when the velocity of the muon is same as the speed of
light. It allows the simplification of the optical system using only earliest photons. The muon track
is reconstructed to get the most balanced track which reproduce the time of PMT hits. For avoiding
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Figure 3.29: Timing distribution of OD hit PMTs for muon events. Well reconstructed muons are used.
200 nsec time window is selected for removing accidental OD hits and T0 value is start time of the time
window.
the complicated time information , the PMTs out of range of the Cherenkov angle are not used for the
reconstruction. The index of refraction of the liquid scintillator and the buffer oil is measured to be 1.44
∼ 1.47 in the various wavelength of the scintillation light. In order to consider the difference of the pass
length in the scintillator and buffer oil for each muon track, this parameter is tuned within the measured
value. In case muon stopped in the detector or multi muons went through the detector at the same time,
this algorithm is not appropriate. The muon which has too small charge sum for its reconstructed track
length is classified into the ”miss-reconstructed muon”. The rate of miss-reconstructed muons in muons
going through the detector is about 0.2 %. The muon which has too large charge sum for its reconstructed
track length is classified into the ”showering muon” the rate is about 1.5 % for all muons.
3.8.3 Muon Track Reconstruction Quality
Correlations between the total charge in the detector and muon track length are shown in Figure(3.33)
The top figure shows the correlation in the liquid scintillator, middle figure shows in the buffer oil and
bottom figure shows the correlation between the total charge and distance from the detector center to the
muon track. The linear correlation between charge and track length are shown. Figure(3.34) shows the
distributions of normalized charge by well-reconstructed muon track length in the buffer oil and in the































































µBad reconstructed  
Figure 3.30: The charge distribution of muon events. (Top)before FEE update. The higher charge peak
correspond to Scintillation and Cherenkov light made by muons which go through the liquid scintilator.
The another peak correspond to Cherenkov light made by muons which go through only the buffer oil.
The blue histogram shows bad reconstructed muons. The red histogram shows showering muons which
produce spallation products described in Section(7.3). (Bottom)after FEE update. New peak around Q
∼103 corresponds to noise events. These events are described in Section(5.2.3).
where QID is total charge of 17 inch PMTs, LID is the reconstructed track length in the liquid scintillator
and in the buffer oil and LScintillator is the reconstructed track length in the liquid scintillator. The ideal
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Figure 3.31: (Top)The time difference from muon to muon. The muon rate is estimated to be ∼ 0.34
Hz. (Bottom) Muon rate v.s. time. The black points show all muon event rate. The red points show high
charge muon event rate (Q17 ≥ 105 p.e.). The muon rate is stable during the analysis period












CHAPTER 3. EVENT RECONSTRUCTION AND DETECTOR CALIBRATION 73
Figure 3.32: (Left)Cherenkov photons are emitted from the constant Cherenkov angle θ related to the
index of refraction. (Right)The scintillation photons are emitted to all direction. But the earliest photons
come from the Cherenkov angle θ .
The (dQdX )Scintillation is about 20 times higher than (
dQ
dX )Cherenkov. In this analysis, ∆Q is used for the
estimation of spallation products. Its definition is as follows,
∆Q = QID −LID × (
dQ
dX




The showering muon is defined as ∆Q ≥ 106 p.e. and this value corresponds to ∼3 GeV. These muons
deposit much energy in the liquid scintillator and can product many neutrons and spallation products.
Therefore 2 sec. whole volume veto after such muon is applied. The muon which ∆Q is less than 106
p.e. is regard as non-showering muon. For these non-showering muons , 2 msec whole volume veto and
2 sec cylindrical region of 3 m radius along the muon track veto is applied.
The tracking performance is checked by the correlation between spallation neutrons and recon-
structed muon tracks. The efficiency within 2m from the muon track is estimated 95.8 %. The re-
constructed track information is also used for the background estimation and reduction.
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Figure 3.33: Correlation between the total charge and the reconstructed track length. (Top)Correlation
between the total charge and the reconstructed track length in the liquid scintillator. (Middle)Correlation
between the total charge and the reconstructed track length in the buffer oil. (Bottom)Correlation be-
tween the total charge and the distance from the detector center to the reconstructed muon track (impact
parameter)
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Entries  11114
Mean    44.75
RMS     22.44
 / ndf 2χ  58.26 / 62
Constant  2.00± 71.73 
Mean      0.17± 31.45 
Sigma     0.102± 2.308 
(ID total charge) / (track length in the buffer oil)
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Figure 3.34: Normalized charge by reconstructed muon track length (dQ/dX). (Top)dQ/dX for muons
going through the buffer oil only. (Bottom)dQ/dX for muons going through the liquid scintillator.
CHAPTER 3. EVENT RECONSTRUCTION AND DETECTOR CALIBRATION 76
3.9 Detector Stability Using Calibration Data
3.9.1 Z-axis Calibration
For monitoring the detector response, monthly radioactive source calibration at the detector center is
done. And calibrations at many z positions are also taken biannually. Figure(3.35) shows the energy
deviation with z dependence and the deviation is less than 1.5 % above 0.9 MeV. Figure(3.36) shows the
resolution of each source and each z position. The energy resolution is almost consistent with expected
(7.25 %/
√
Evisible for 17 inch PMTs, 6.5 %/
√
Evisible for 17 + 20 inch PMTs). The stability on time is
also monitored as shown in Figure(3.37). The stability on time is 1.3 % for 60Co and 68Ge.
3.9.2 4π Calibration
For checking vertex and energy reconstruction quality and improving systematic error which comes from
fiducial volume uncertainly, off-axis calibration were done in 2006 and 2007. Since absolute radioactive
source vertices are not precise enough, relative position using the pole length is used for the estimation
of the fiducial volume uncertainly. The pole length is as follows,
• 89.847 ± 0.025 cm (pole length)
• 148.136 cm (60Co68Ge source to first pin source in the nearest pole)
• 156.136 cm (203Hg source to first pin source in the nearest pole)
• 154.027 cm (AmBe source to first pin source in the nearest pole)
• 156.336 cm (210Po13C source to first pin source in the nearest pole)
Figure(3.39) shows the definition of the length described above.
Figure(3.40) shows typical 4π calibration data and Figure(3.41) shows the all 4π calibration data.
Each source position is fit with 2-dimensional Gaussian. By Multiple 2-dimensional gaussian fit for
all sources in this figure, reconstructed positions are evaluated and used for the vertex bias estimation
(Figure(3.40):Bottom-Right). Since vertices along z-axis are well calibrated by z-axis calibration run,
60Co source which is in the nearest pole from the detector center is used as the reference source. Then,
the vertex bias is estimated as follows,
Vertex Bias = Lreconstructed −Lexpected
Lreconstructed = Rcalibration source −R60Co source in the nearest pole from the detector center
(3.21)
where Lexpected is calculated from number of pole and source type. This bias is estimated for (E , R , θ ,
φ ).
θ Dependence
For estimating θ dependence, data which have same R and φ are used. In this condition, 3 sources
(60Co68Ge, Am-Be and 203Hg) and 4 Radius (4.6, 4.1, 3.3 and 2.8 m) and 1 φ direction are available.
Figure(3.42) shows bias for each energy and radius. From Figure(3.42), the θ dependence of the bias(θ )
is < 3 cm.
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φ Dependence
For estimating φ dependence, data which have the same R and θ are used. In this condition, 1 source
(60Co68Ge) and 4 θ (0, 40, 90 and 140 deg.) and 1 Radius (4.6 m) are available. Figure(3.43) shows bias
for 60Co and 68Ge. From Figure(3.43), there are no significant φ dependence of the bias, therefore the
bias(θ , φ ) is < 3 cm.
R Dependence
For estimating R dependence , all data is used taking account for bias(θ , φ ). Therefore 4 sources
(60Co68Ge, Am-Be, 203Hg and 210Po13C)) are available for the estimation. Figure(3.44) shows bias for
all sources. From Figure(3.44), the bias(R , θ , φ ) is < 3 cm within 5.5 m radius for each source.
Energy Dependence
For estimating energy dependence, data which have same R, θ and φ are used. Figure(3.45) shows bias
for R ∼ 4.1 m, 4,6 m and 5.5 m. From Figure(3.45), the bias(E , R , θ , φ ) is < 3 cm within 5.5 m radius
and within reactor anti-neutrino analysis energy region (0.9 MeV < E < 8.5 MeV).
3.9.3 Energy Deviation and Summary about 4π Calibration
The 4π data is also used for checking the energy deviation. Figure(3.46) shows energy deviation of 60Co
and 68Ge and the deviation is within ±1.5 %.
And as described above, the reconstructed vertex bias is 3 cm within 5.5 m radius and within analysis
energy region (0.9 MeV < E < 8.5 MeV). Therefore, The 5.5 m radius fiducial uncertainly is,
Vertex uncertainly(5.5m radius) = (3 cm/550 cm)×3 = 1.6% (3.22)
This value is used for 6.0 m radius fiducial uncertainly as discussed in the next Section.
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Figure 3.35: Energy deviation with z dependence for each calibration source. Above 0.9 MeV, the
deviation is within 1.5 %.
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Figure 3.36: Energy resolution with z dependence for each calibration source. Resolution is consistent
with expected (7.25 %/
√
Evisible for 17 inch PMTs, 6.5 %/
√
Evisible for 17 + 20 inch PMTs)
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Figure 3.37: Time variation of energy deviation for each calibration source located at the detector center.
The time variation is within 1.3 %.
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Figure 3.38: Time variation of energy resolution for each calibration source located at the detector center.
Energy resolution is stable during the data taking period.
CHAPTER 3. EVENT RECONSTRUCTION AND DETECTOR CALIBRATION 82
Figure 3.39: Definition of 4π pole length.
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Figure 3.40: Typical 4π calibration run. (Top-Left)Energy distribution which vertices are within 1.5
m from sources. ∼1.3 MeV peak corresponds to 60Co 1 γ events from sources in the poles. (Top-
Right)Vertex distribution in X-Y plane. The Black circle shows 6.5m radius. (Middle-Left)Vertex dis-
tribution in X-Z plane. (Middle-Right)Vertex distribution in Y-Z plane. (Bottom-Left)Stability of 4π
system. The blue circle shows the mean azimuthal φ of reconstructed 60Co source position in each sec.
From this figure, The stability of 4π system is ∆φ < 1 deg. (Bottom-Right)Vertex distribution in X’-Z
plane. The X’ axis is selected along the direction of reconstructed source position in (X-Y) plane. By
Multiple 2-dimensional Gaussian fit for all sources in this figure, reconstructed positions are evaluated
and used for the vertex bias estimation.
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Figure 3.41: Vertex distribution of all 4π calibration runs in X’-Z plane. Inner black circle corresponds
to 5.5 m radius and outer one corresponds to 6.5 m radius. (Top-Left)60Co68Ge data (2.0 < E < 3.0
MeV). (Top-Right)Am-Be data (2.0 < E < 10.0 MeV). (Bottom-Left)210Po13C data (1.0 < E < 8.0
MeV). (Bottom-Right)203Hg data (0.1 < E < 3.0 MeV).
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Figure 3.42: Bias v.s. θ for each energy and each radius. The blue, red, magenta and cyan circle
correspond to 4.6 m, 4.1 m, 3.3 m and 2.8 m, respectively. θ = 0 corresponds to the vertical direction
(to the bottom). (Top-Left)60Co source (Top-Right)68Ge source (Middle-Left)Am-Be neutron source
(Middle-Right)Am-Be ∼ 4.4 MeV source (Bottom-Left)AmBe ∼8 MeV source (Bottom-Right)203Hg
source. The bias is < 3 cm for all energy and radius.
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Figure 3.43: Bias v.s. φ for 60Co and 68Ge (R ∼ 4.6 m). The blue, red, magenta and green circle
correspond to φ = 0, 90, 180 and 270 deg., respectively. θ = 0 corresponds to the vertical direction (to
the bottom). (Left)60Co source (Right)68Ge source. There are no significant φ dependence of the bias,
therefore the bias(θ , φ ) is < 3 cm.
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Figure 3.44: Bias v.s. R for each sources. Each circle correspond to the definition written in each figure.
The bias(R , θ , φ ) is < 3 cm for each source.
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Figure 3.45: Bias v.s. energy for R ∼4.1 m, 4.6 m and 5.5 m. Each circle corresponds to the definition
written in each figure. The bias(E , R , θ , φ ) is < 3 cm.
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Figure 3.46: Energy deviation of 4π data. Each circle corresponds to the deviation written in the figure.
(Left)60Co energy deviation. (Right)68Ge energy deviation. Energy deviation is within ±1.5 % for 60Co
and 68Ge.
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3.9.4 Fiducial Volume Uncertainty
In anti-neutrino analysis, the fiducial volume is sphere within a 6 m radius. For estimating fiducial vol-
ume uncertainly from 4π calibration data within 5.5m radius, the uniformly distributing events, such as
2.2 MeV γ from neutron capture and12B/12N events generated by ID going muons are used to extrapolate
up to 6 m. Figure(3.47) shows the R3 distribution of spallation neutrons and 12B/12N events. Firstly, the
event ratio of neutron and 12B/12N events are measured to confirm the result of 4π analysis.
3(R/6.5 [m])




















































Figure 3.47: (Top)R3 distribution of spallation neutrons. 2.2 MeV γ events by neutron capture on proton
are selected. The green lines shows 5.5 m radius, 6.0 m radius and the balloon edge of 6.5 m radius,
respectively. (Bottom) R3 distribution of 12B/12N events above 4 MeV energy threshold. The green lines
are the same as above figure.
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The total volume of the liquid scintillator is 1171 ± 25 m3 measured by flow meters during the
detector filing. The nominal fiducial volume within 5.5 m radius corresponds to 0.595 ± 0.013 of the
total liquid scintillator volume. For the fiducial volume within 6m radius , the ratio becomes 0.773 ±
0.016. These ratios are compared with the reconstructed number of neutron and 12B/12N events in the
fiducial volume to that in the total volume.
The event ratio of the neutron events is as follows,
N5.5m
Ntotal
= 0.605±0.008(stat.)±0.012(syst. bad events)±0.003(syst. edge)
N6.0m
Ntotal
= 0.795±0.014(stat.)±0.016(syst. bad events)±0.004(syst. edge)
(3.23)
where the statistical uncertainty is assigned from binomial distribution and the syst.bad events corre-
sponds to events which are incorrectly reconstructed to bad events because the ringing problem in FEE
makes many busy channels. As time difference from muon is shorter, this bad event ratio is larger (detail
is in Section(7.3.1)) since the ATWD channels become busy due to multiple neutrons induced by show-
ering muons. Therefore, neutrons which time difference from muon is more than 1200 µsec are used
and the error for the bad events is conservatively assigned to 2.0 %. The syst.edge corresponds to the
contribution of events near the balloon surface which lose their energies both in the liquid scintillator and
in the buffer oil. From Monte Calro simulation, this effects loses 2.7 % ± 0.5 % of all neutron evens and
this 0.5 % error is assigned to the systematic error of the edge effect.








where the systematic error of the edge effect is 1.0 %. And the energy dependence is also investigated by
using 8He/9Li delayed coincidence events which prompt event is beta and the delayed event is 2.2 MeV
gamma from neutron capture on proton. Figure(3.49) shows a vertex difference between the prompt
and delayed event. the bias is less than 3 cm , which corresponds to 1.6 % volume error at 5.5 m.
Therefore , the uncertainly of the fiducial volume estimated by 12B/12N, 8He/9Li and the scintillator








Finally, the total uncertainly of the fiducial volume within 5.5 m fiducial radius is,
(total scintillator mass error) =
√
(0.016+0.002)2 +0.012 +0.0062 +0.0132
= 0.025
(3.26)
which corresponds to 4.2 % fiducial volume error.
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For neutron case , the total scintillator mass error is estimated to be 2.5 %, which correspond to 4.2
% volume error. These value is consistent with the estimation from 12B/12N events.
Figure(3.48) shows the fiducial volume error within 5.5 m radius estimated from 12B/12N, neutron,
4π and the liquid scintillator measurement. These results are consistent within error.





Figure 3.48: Fiducial volume uncertainty within 5.5 m radius estimated from the difference between
the nominal 5.5 m fiducial ratio, as measured by the flow meters during the detector filling, and the
reconstructed spallation neutron, 12B/12N event ratio. The solid lines show the statistical error and the
dashed lines show the contribution of the systematic error. The blue shaded regions show the uncertainly
of the flow meter measurement. These measurements are in good agreement.
Since the fiducial volume error within 5.5 m radius is established at 1.6 % precision and this mea-
surement is consistent with the estimation from neutron and 12B/12N event ratio, the fiducial volume
error within 6.0 m radius is estimated from these result.





Here, syst.bad and syst.edge are cancelled out. Finally, the difference is calculated to be -0.3 % ± 0.3
% (stat.) and the systematic error is less than 0.6 % considering the statistical uncertainly. FInally, the
fiducial error is calculated from 0.6 % systematic uncertainly by 12B/12N analysis and 1.6 % error from
4π analysis, then, the total uncertainly of the fiducial volume within 6.0 m fiducial radius is,
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Furthermore, radial stability of the vertex reconstruction is verified by radioactivities at various en-
ergies near the balloon surface (Figure(3.50)). The time variation of the fitted balloon edge is less than






























Figure 3.49: Energy dependent vertex bias using 8He/9Li delayed coincidence events. The green line
shows 5.5 m, 6.0 m and 6.5 m radius, respectively. The vertical axis shows Raverage - Rneutron, which
Raverage is the mean of prompt and delayed events. The magenta line shows ± 3 cm and the data is within
these lines. It corresponds to 1.5 (1.6) % volume error at 6.0 (5.5) m fiducial radius.
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Tl Energy Region 208 E < 3.0 MeV , ≤2.4 
Figure 3.50: R distribution for various radioactivities.
3.9.5 Uncertainties of The Energy Scale
The sources of the uncertainty of the energy scale are as follows,
• Position dependence
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Figure 3.51: Time variation of the balloon edge R using various radioactivities. The time variation is less
than ± 2 cm.
The uncertainty from the position dependence is estimated with the neutron capture γ and source
calibrations. As described in Section(3.7.2), the radius dependence of observed energies with neu-
tron capture events is less than 0.5 %, the z dependence is less than 1.0 %, the z dependence with
the source calibration including 4π data is less than 1.5 % (described in Section(3.9)). Therefore,
1.5 % systematic uncertainty is assigned.
• Time Variation
The uncertainty from the time dependence is estimated with the neutron capture γ and source
calibrations. As described in Section(3.7.2), the time dependence of neutron capture events is
less than 0.8 % and 1.3 % for source calibration (described in Section(3.9)). Therefore, 1.3 %
systematic uncertainty is assigned.
• Non-linearity for the 20 inch PMTs
As described in Section(3.7.1), the uncertainty comes from the linearity between the combined
energy and the energy with only 17-inch PMTs. 0.8 % uncertainty is assigned as systematic
uncertainty.
• Contribution of Cherenkov light
Electrons and positrons emit Cherenkov light, and the number of photons depend on their energy.
The direct contribution of Cherenkov light to total energy is ignorable since it is absorbed by the
liquid scintillator. However, the re-emission light contributes to the energy reconstruction and
causes the energy non-linearity. This contribution is globally treated by altering the contribution
of the quenching effect.
• Quenching effect
The quenching effect also makes non-linear response of the light emission. Very dense ionization








where k0 is Birks constant, L is the luminescence, L0 is the luminescence at low specific ionization
density and dLdx is the emitted light intensity per unit length. Using the 5 γ ray data (
60Co, 65Zn,
68Ge, np, n12C), 2 positron data (10C, 11C) and 1 electron data (12B), the contributions from the
quenching effect and Cherenkov light are determined. In the case of multiple γs, such as the 2 γs
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of 68Ge (0.511 MeV × 2) and 60Co (1.173 + 1.333 MeV)) are treated as mean of them (0.511 MeV
and 1.253 MeV, respectively) since Cherenkov/Birks effect should depend on the energy of each γ ,
not total energy of 2γs. In the γ ray case, GEANT4 [76] is employed to calculate dEdx of electrons
(including δ rays) produced in Compton scattering and photoelectric absorption of those γs. The
uncertainty of the Birks constant, the Cherenkov intensity and a normalization factor shown in
Figure(3.52) are included in energy scale uncertainty.
Birks constant [mm / MeV]




























Figure 3.52: Uncertainties of the parameters for the non-linearity calibration. The star mark is the best-fit
parameters. The contour lines shows 1σ , 2σ and 3σ C.L.
After estimating these uncertainties, the work for the precise estimation of the energy scale uncer-
tainty had been done.
The calibration data (60Co, 65Zn, 68Ge) depend on the data taking-time and source position . In
a conservative attitude, these data do not represent the ν̄e data correctly and their position and time
dependence are treated as correlated error. The spallation data (10C, 11C) have smaller fiducial volume
for estimating the energy scale. Thus these data are also conservatively treated as correlated data with
each other.
On the other hand, the spallation data (np from 9Li and 12B) are uniformly distributed all over the
fiducial volume and the detector live time, and have same time variation, position dependence and 20-
inch non-linearity as ν̄e data. Thus the uncertainties of these spallation data include the statistical uncer-
tainty and fitting fluctuation effect only, and these data are treated as uncorrelated data with the calibration
data.
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Figure 3.53: Energy non-linearity correction. The blue line is the electron energy scale, the black line
is the gamma energy scale, and the red line is the positron energy scale. The data points are calibration
points.
Figure 3.54: the uncertainty of the energy reconstruction. For 2.6 MeV e+, the uncertainty is 1.01 %.
Then, the best energy scale is estimated from the minimum χ2 defined as follows,



















where a is the estimator for the correlated uncertainties, Eobs is observed energy, Eexpected is the expected
energy, σcorr is the correlated uncertainty and σuncorr is the uncorrelated uncertainty. Eexpected is a function
of Birks constant, the Cherenkov intensity and a normalization factor. Then, the maximum deviation of
2.6 MeV e+ is 1.01 % at 1σ (χ2 = χ2min + 1). Finally, the uncertainty of the energy scale is combination
of the 0.93 % uncertainty of Birks model dependence uncertainty and the 1.01 % deviation of 2.6 MeV
e+,
(Energy Scale Error) =
√
(0.93%)2 +(1.01%)2 = 1.33% (3.31)
This uncertainty affects on the number of the expected number of the reactor anti-neutrinos. 1.33 %
uncertainty corresponds to 1.5 % uncertainty for the estimation of the expected reactor ν̄eevents.
Chapter 4
Estimation of Electron Anti-Neutrinos
from Reactors
4.1 Electron Anti-Neutrino Energy Spectrum from Reactor
There are 4 fissile nuclei, 235U, 238U, 239Pu and 241Pu which contribute to 99.9 % of reactor electron
anti-neutrinos.
235U in the reactor core absorbs a thermal neutron and fissions. Then fission fragments are unstable
and emit ν̄es via β decays,
235U → A+B+6.1β− +6.1ν̄e +202 [MeV]+2.4n
238U fissions with a fast neutron,
238U+n(> 1[MeV]) → C+D+5 ∼ 7β− +5 ∼ 7ν̄e +205 [MeV]+xn
or produces the 239Pu via two β -decays after capturing a thermal neutron,
238U+n →239 U
→239 Np
→239 Pu(T1/2 = 24,100year)
239Pu fissions with a thermal neutron,
239Pu+n → E+F+5.6β− +5.6ν̄e +210 [MeV]+2.9n
or produces the 241Pu after capturing two thermal neutrons,
239Pu+n →240 Pu
240Pu+n →241 Pu
241Pu fissions with a thermal neutron,
241Pu+n → G+H+6.4β− +6.4ν̄e +212 [MeV]+2.9n
97
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The energy spectra of electron anti-neutrinos from 235U, 239Pu and 241Pu are calculated [69][70][71]
from measured beta spectra at ILL. For 238U, it is hard to measure since 238U fissions with a fast neutron
only. Therefore, theoretical calculation of electron anti-neutrino spectrum was conducted. Figure(4.1)
shows the anti-neutrino spectra from each fissile nuclei. Figure(4.2) shows the spectrum uncertainty for
each isotope considering the fission rate described in Section(4.2). The accuracy of the spectrum was
checked by Bugey [50][72]. The model is excellent agreement with data.
There are some long-lived beta decay nuclei produced by fission of 235U, 238U. 239Pu and 241Pu as
listed in Table(4.1). Three of these nuclei, 97Zr, 132I and 93Y attain equilibrium within ten days and do
not affect on KamLAND reactor anti-neutrino measurement seriously. The neutrino flux of the other























The effect of these long-lived nuclei is described in Section(4.3).
Table 4.1: Long-Lived Nuclei Produced by Fission of 235U, 238U. 239Pu and 241Pu
Fission Half life Emax Yield [%]
Fragment [MeV] 235U 238U 239Pu 241Pu
97Zr 16.9 hr. 1.922 5.95 5.50 5.30 4.89
132I 2.295 hr. 2.104 4.30 5.16 5.40 4.14
93Y 10.18 hr. 2.890 6.40 4.97 3.89 3.51
106Ru 373 day (106Ru) 3.541 0.40 2.55 4.31 6.18
144Ce 285 day (144Pr) 2.996 5.48 4.50 3.74 4.39
90Sr 28.8 yr. (90Y) 2.279 5.82 2.10 1.57 3.12
4.2 Anti-Neutrino Flux from Reactor
As described in Section(2.1), the KamLAND coordinates are the 137.312082 east longitudes and the
36.426545 north latitude in World Geodetic System (WGS) and 358.114 m above the sea level. These
data are calculated from a survey by Kamioka Mining and Smelting Company. There are 55 nuclear
power reactor units in Japan and 22 nuclear power reactor units in Korea. Figure(4.3) shows the locations
of nuclear reactors in Japan and in the world [74][75]. The positions of Japanese reactors were obtained
from Tokyo Electric Power Company (TEPCO). The distances from KamLAND to each reactor are listed
in Table(4.2) and Table(4.3). The average distance from reactors to KamLAND is about 180 km. The
uncertainty of the distances was studied based on the comparison with coordinates of the reactors taken
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neutrino energy [MeV]

































Figure 4.1: Energy spectra of ν̄e flux from nuclear fission (235U , 238U , 239Pu and 241Pu) [69][70][71].
Overall spectrum is checked within 1.4 % accuracy [50][72].
neutrino energy [MeV]




















Figure 4.2: Uncertainties of electron anti-neutrino spectra for each isotope without oscillation. The
fission rate is considered.
from an ordinary topographical map. In this study, discrepancies were found to be within 70 m. The
difference of the number of expected reactor ν̄e caused by the discrepancies i less than 0.1 %.
These reactors are classified into 4 type: Boiling Water Reactor (BWR) , Pressurized Water Reactor
(PWR) , Advanced Thermal Reactor (ATR) and Fast Breeder Reactor (FBR). In the reactor core, Uranium
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is depleted and Plutonium is bred according to time evolution. This effect is called as ”burn-up effect”.
The total fission rate of each isotope in the reactor core can be calculated from the thermal power and the
burn-up data of each reactor. These information is given by the Japanese electric power company. By
using a simple and practical modeling of the reactor core for calculating the fuel composition, the fission
rate for each isotope at each reactor in Japan is calculated [73].
The uncertainty of ν̄e flux is estimated to be 1.0 % compared with detailed simulation by TEPCO.
The thermal power data is needed to normalize the fission rate which is monitored at each reactor and
controlled within 2 % error. Figure(4.4) shows the time variation of ν̄e flux from reactors in Japan and
Korea. Averaging over the present data set, the relative fission yields are 235U : 238U : 239Pu : 241Pu =
0.570 : 0.078 : 0.295 : 0.057.
The systematic error for the thermal power is conservatively assigned as 2 % from the accuracy of
flow of coolant. It is determined by uncertainty of feed-water flowmeters, which are calibrated within
2 %. The contribution of Korean reactors is estimated to be (3.2 ± 0.32) % based on reported electric
power generation. This 0.32 % uncertainty comes from the 10 % contribution, which is the conversion
uncertainty from electric power to thermal power. The contribution from other reactors in the world
and the Japanese research reactor is estimated to be (0.96 ± 0.48) % from an estimation using reactor
specifications from the International Nuclear Safety Center (INSC). Its uncertainty is assigned as a half
of it.
4.3 Expected Events and Energy Spectrum from Reactor
The neutrino spectrum n(Eν̄e) and the number of expected event NExpected from reactors at KamLAND
are calculated by summing up fluxes from all reactors and all fission nuclei considering solid angles and
neutrino oscillation probability P(Eν̄e ,Li). The ν̄e flux f (Eν̄e , t) is written as follows,










·F j(Eν̄e) ·P(Eν̄e ,Li)
)
(4.1)
where R ji (t) is fission rate at time t, from fission nuclei j ( j =
235U, 238U, 239Pu and 241Pu) and in i-th
reactor. F j(Eν̄e) is Eν̄e energy spectrum from fission nuclei j. Then, n(Eν̄e) is written as follows,
n(Eν̄e) =
∫
Np · f (Eν̄e , t) ·σ(Eν̄e) · εd(Ee)dt (4.2)
where σ(Eν̄e) is cross section of the inverse beta decay reaction described in Section(2.3.1), Np is the
number of proton in 6.0 m fiducial volume described in Section(2.2.2) and εd(Ee) is detection efficiency.
The detection efficiency includes prompt/delayed space correlation, time correlation, vertex distribu-
tions, energies, and depends on the prompt positron energy Ee. The detection efficiency is described in




Considering that the positron angular distribution is almost isotopic (<cosθ> ∼-0.04), it is suffi-
ciently accurate to use cosθ = 0 and the relation between Eν̄e and positron energy Ee is,
Eν̄e ≅ Ee +∆+
1
M
[Ee(Ee +∆)+ y2] (4.4)
CHAPTER 4. ESTIMATION OF ELECTRON ANTI-NEUTRINOS FROM REACTORS 101
Table 4.2: Japanese and Korean Reactors (1)
company Reactor distance Type Thermal power Electrical power
[km] [MW] [MW]
Chubu Hamaoka-1 213.72 BWR 1593 540
Hamaoka-2 213.80 BWR 2436 840
Hamaoka-3 214.01 BWR 3293 1100
Hamaoka-4 214.15 BWR 3293 1137
Hamaoka-5 214.52 BWR 3926 1380
Chugoku Shimane-1 401.07 BWR 1380 460
Shimane-2 401.22 BWR 2436 820
Genden Tokai2 295.37 BWR 3293 1100
Tsuruga-1 138.47 BWR 1064 357
Tsuruga-2 138.48 PWR 3423 1160
Hokkaido Tomari-1 783.04 PWR 1650 579
Tomari-2 782.92 PWR 1650 579
Hokuriku Shika-1 87.68 BWR 1593 540
Shika-2 87.72 BWR 3926 1358
JapanNuclearCycle Fugen 138.51 ATR 557 165
Monju 141.51 FBR 714 280
Kansai Mihama-1 145.72 PWR 1031 340
Mihama-2 145.77 PWR 1456 500
Mihama-3 145.83 PWR 2440 826
Ohi-1 178.75 PWR 3423 1175
Ohi-2 178.83 PWR 3423 1175
Ohi-3 179.04 PWR 3423 1180
Ohi-4 179.16 PWR 3423 1180
Takahama-1 191.24 PWR 2440 826
Takahama-2 191.27 PWR 2440 826
Takahama-3 191.68 PWR 2660 870
Takahama-4 191.71 PWR 2660 870
Kyusyu Genkai-1 754.40 PWR 1650 559
Genkai-2 754.51 PWR 1650 559
Genkai-3 754.63 PWR 3423 1180
Genkai-4 754.74 PWR 3423 1180
Sendai-1 830.38 PWR 2660 890
Sendai-2 830.30 PWR 2660 890
Shikoku Ikata-1 560.79 PWR 1650 566
Ikata-2 560.85 PWR 1650 566
Ikata-3 560.70 PWR 2660 890
Tohoku Onagawa-1 430.48 BWR 1593 524
Onagawa-2 430.60 BWR 2436 825
Onagawa-3 430.51 BWR 2436 825
Higashidori-1 635.90 BWR 3293 1100
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Table 4.3: Japanese and Korean Reactors (2)
company Reactor distance Type Thermal power Electrical power
[km] [MW] [MW]
Tokyo Fukushima1-1 349.43 BWR 1380 460
Fukushima1-2 349.37 BWR 2381 784
Fukushima1-3 349.33 BWR 2381 784
Fukushima1-4 349.30 BWR 2381 784
Fukushima1-5 349.56 BWR 2381 784
Fukushima1-6 349.59 BWR 3293 1100
Fukushima2-1 345.34 BWR 3293 1100
Fukushima2-2 345.40 BWR 3293 1100
Fukushima2-3 345.44 BWR 3293 1100
Fukushima2-4 345.47 BWR 3293 1100
KashiwazakiKariwa-1 159.10 BWR 3293 1100
KashiwazakiKariwa-2 159.23 BWR 3293 1100
KashiwazakiKariwa-3 159.34 BWR 3293 1100
KashiwazakiKariwa-4 159.54 BWR 3293 1100
KashiwazakiKariwa-5 160.62 BWR 3293 1100
KashiwazakiKariwa-6 160.52 BWR 3926 1356
KashiwazakiKariwa-7 160.40 BWR 3926 1356
KHNP Kori-1 734.52 PWR 1727 587
(Korea) Kori-2 734.52 PWR 1913 650
Kori-3 734.52 PWR 2796 950
Kori-4 734.52 PWR 2796 950
Ulchin-1 711.81 PWR 2796 950
Ulchin-2 711.81 PWR 2796 950
Ulchin-3 711.81 PWR 2943 1000
Ulchin-4 711.81 PWR 2943 1000
Ulchin-5 711.81 PWR 2943 1000
Ulchin-6 711.81 PWR 2943 1000
Wolsong-1 708.58 PWR 1995 678
Wolsong-2 708.58 PWR 2060 700
Wolsong-3 708.58 PWR 2060 700
Wolsong-4 708.58 PWR 2060 700
Yonggwang-1 986.41 PWR 2943 1000
Yonggwang-2 986.41 PWR 2943 1000
Yonggwang-3 986.41 PWR 2943 1000
Yonggwang-4 986.41 PWR 2943 1000
Yonggwang-5 986.41 PWR 2943 1000
Yonggwang-6 986.41 PWR 2943 1000
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Figure 4.3: The distribution of Reactor in Japan (Top) and in the world (Bottom) [74][75]
where ∆ = Mn - Mp and y2 = (∆2 - m2e)/2. Therefore, Eq.(4.2) and Eq.(4.3) are written as a function of
positron energy Ee,
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In the present analysis, the time integral is approximated by the sum of livetime for each run, taking
account of time variation of the fission rate during that run. The energy resolution effect is included using









where σ is 7.3 % ×
√
Ee [MeV] and 6.5 % ×
√
Ee [MeV] for 17-inch PMT only analysis period and
17+20-inch PMT analysis, respectively.
The expected number of events in no-oscillation and 100 % efficiency case is 2399.7 events above 0.9
MeV energy threshold and below 8.5 MeV energy threshold.
Figure(4.5) shows the energy spectrum for each isotope scaled by time and volume. The contribution
of long-live nuclei is 0.67 %. Figure(4.6) shows the contribution of each reactor as a function of distance
between KamLAND and each reactor. More than 76 % contribution comes from 27 reactors within the
distance range 138 ∼ 215 km. Two reactors (Shika-1,2) at ∼88 km contribute an additional 9.7 % to the
flux. This no-oscillation spectrum is used as input parameter for likelihood selection S(Lratio) described
in Section(6.3).
CHAPTER 4. ESTIMATION OF ELECTRON ANTI-NEUTRINOS FROM REACTORS 105
positron energy [MeV]


























Figure 4.5: Expected spectra from 4 fission nuclei (235U, 238U, 239Pu and 241Pu) and long-lived nuclei
(144Pr, 106Ru and 90Y) in no-oscillation case. The contribution of ling-lived nuclei is 0.67 %.
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Figure 4.6: Contribution to the expected ν̄e events from distant reactors.
4.4 Reactor Related Uncertainties
As described in Section(4.2), the uncertainty of the distance between KamLAND and reactors is less
than 0.1 %. The uncertainty of thermal power of Japanese reactors is 2 %. That of Korean reactors
and the world reactors are assigned as 0.32 % and 0.48 % taking into account of their contributions.
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The uncertainty of chemical composition is assigned as less than 1.0 %. The uncertainty of time-lag
effect is needed to assign to the ν̄e flux, since the fission rate becomes in equilibrium within one day
above ∼ 2 MeV in neutrino energy. Thus, this uncertainty is estimated from the difference between
the total ν̄e yield and that with shifting the run time by one day. Finally, this uncertainty is assigned
as 0.01 %. The uncertainty of ling-lived nuclei is assigned as 0.31 %, a half of their contribution to
reactor anti-neutrino spectrum. The neutrino energy spectra and uncertainties of four fissile nuclei are
given in Ref.[69][70][71] and overall spectrum has been checked by ILL experiment [50][72] within
1.4 % accuracy. The spectrum uncertainty is assigned to the systematic uncertainty of ν̄e detection. In
no-oscillation case, this error is 2.39 %. The reactor-related uncertainties are summarized in Table(4.4).
Table 4.4: Summary of Reactor-Related Uncertainties
Systematic uncertainty 0.9 MeV threshold analysis 2.6 MeV threshold analysis
distance < 0.1 % < 0.1 %
thermal power
Japanese reactors 2.0 % 2.0 %
Korean reactors 0.32 % 0.32 %
other reactors 0.48 % 0.48 %
chemical composition < 1.0 % < 1.0 %
anti-neutrino spectra 2.39 % 2.65 %
time-lag 0.01 % 0.01 %
long-lived nuclei 0.31 % 0.02 %




The data qualities are checked run by run. The check parameters are as follows,
• the number of bad channel
• Trigger rate
• Run time
• muon rate and event rate
The number of bad channel is checked by strange of no data flow from ATWD crate of board. In case
there are many bad channels, that run is classified as bad run. The trigger rate is monitored for confirming
whether bad run selection is well. Figure(5.1) shows time variation of each trigger rate. Short run whose
run time is less than 6 minutes is not used for reactor anti-neutrino analysis. Muon rate and event rate
are checked run by run. If rate is too low or too high, that run is classified as bad run.
There are some runs which become bad run during data taking. In this case, those runs are analyzed
except for bad period and called half-bad run. After starting 20-inch PMT operation, there are some
runs which data from 20-inch is strange. In this case, those runs are analyzed without 20-inch PMT hit
information and called 20-inch bad run.
5.2 Event Selection
In real KamLAND data, there are unphysical events such as noise events, flasher events and ringing
events. Figure(5.2) shows the charge distribution of various event type as the total charge sum of 17-inch
PMTs. After the electronics update, events at Q17 ∼ 2,000 p.e. is not selected as noise event. However,
there events are strongly suppressed by the muon veto ∆Tmuon < 1 µsec because those events are caused
by the ringing problem of the electronics after muons. These events are described in the following section
and removed before the anti-neutrino analysis.
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History Triger Rate vs Time























Prompt/Global Trigger Rate  vs  Time






















OD Trigger Rate vs Time

































Dark Hit Rate  vs  Time
























Supernova Trigger Rate vs Time
2002 2003 2004 2005 2006 2007
Figure 5.1: Time variation of each trigger rate. (Top-Left)history trigger (Top-Right)Prompt/Grobal trig-
ger rate (Middle-Left)OD trigger rate (Middle-Right) dark hit = hits / 1 pps trigger (Bottom) Supernova
trigger. The black points show good run , the red points show bad run , the blue points show half-bad
run, the green points show 20 inch bad run. History trigger, Prompt/Global trigger and Supernova trigger
rate are stable for good runs. Dark trigger rate depends on the temperature of the buffer oil as shown in
Figure(3.16). OD trigger rate is unstable due to accidental hits or OD flasher PMTs.
5.2.1 Noise Event
Noise Event is defined as the events which does not have timing cluster of PMT hit. This event can be
removed using timing information. The following selection criterion is employed,
N100 ≤ (NhitID +50)/2 (5.1)
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Figure 5.2: The charge distribution of various event type as the total charge sum of 17-inch PMTs.
(Top) Before the electronics update. (Bottom) After the electronics update. The black, brown, blue, red,
magenta and green histogram corresponds to all events, low energy events, muon events, flasher events,
noise events and events within 2 msec after muon events. After the electronics update, events at ∼ 2,000
p.e. is not selected as noise event. However, there events are strongly suppressed by the muon veto
∆Tmuon < 1 µsec because those events are caused by the ringing problem of the electronics after muons.
where NhitID is the number of PMT hits in an event and N100 is the number of PMT hits within 100 nsec
in an event. Figure(5.3) shows the typical noise event and Figure(5.4) shows the above selection.
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Figure 5.3: Event display of a typical noise event
Figure 5.4: Noise event selection criteria. The horizontal axis shows the number of PMT hits in an event.
The vertical axis shows the number of PMT hits within 100 nsec in an event. The green line shows cut
off range of the noise region. The red points are events within 1 µsec following muon
5.2.2 Flasher Event
Some PMTs emit lights presumably due to discharge in dynodes. These PMTs are called Flasher PMTs.
PMTs around the flasher PMT detect that light and make fake events. The hit timing distribution of
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flasher events looks like normal events, but the charge distribution differs from normal events. They are
removed by using maximum of the PMT charge. The selection criteria is as follows,
• Total charge of the inner detector ≥ 2,500 p.e.
• The ratio of maximum PMT charge in an event to the total charge sum ≥ 0.6.
• Mean charge of the neighbor PMTs surrounding the flasher PMT ≥ 20 p.e.
• Not noise event or muon event
Figure(5.5) shows the typical flasher event display and Figure(5.6) shows the flasher event selection.
The flasher event rate is about 3 ×10−3 Hz, and this corresponds to about 0.01 % of total low energy
events. Therefore, The inefficiency of the flasher cut for the reactor anti-neutrino analysis is estimated to
be less than 0.01 %.
Figure 5.5: Event display of a typical flasher event
5.2.3 Ringing Event
After FEE update, there are new noise events which make fake muon signals. These events are caused by
the FEE’s ringing. These events are called ”ringing event”. Figure(5.7) shows the typical ringing event
display. These events make fake muon signals. But , these events can be easily removed by ∆Tmuon < 1
µsec cut and do not affect on the anti-neutrino analysis. (Figure(5.8))


























Figure 5.6: Flasher event selection criteria. The horizontal axis shows the total charge sum. The vertical
axis shows the ratio of the maximum charge to the total charge. Green lines show cut off range of the
flasher region.
Figure 5.7: Event display of a typical ringing event
5.3 Electron Anti-Neutrino Event Selection
Reactor anti-neutrinos are observed using the delayed coincidence technique. The selection criteria of
anti-neutrino detection are described as follows,
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sec]µtime difference from last muon [














Figure 5.8: Ringing Events selected by Nhit > 600 without muon events. These events caused by the
ringing problem of the electronics. But these events can be suppressed by the muon veto ∆Tmuon < 1
µsec.
5.3.1 Energy Cut
The prompt energy threshold of 0.9 MeV, which corresponds to the energy threshold of inverse beta
reaction, for the anti-neutrino selection is applied. Since the flux of geo neutrino is not known well, the
number of geo neutrino is free parameter for the reactor anti-neutrino analysis. The trigger efficiency at
the 0.9 MeV threshold is ∼58 % but the overall uncertainty is 0.002%.
The delayed energy window is from 1.8 MeV to 2.6 MeV for neutron capture on protons, which
emits 2.22 MeV γ and the ratio of neutron capture in KamLAND is 99.48 %, and from 4.0 MeV to 5.8
MeV for neutron capture on 12C, which emits 4.95 MeV γ and the ratio of neutron capture in KamLAND
is 0.512 %. The ratio of neutron capture on other nucleus such as 13C is less than 1.0 × 10−3 % and
negligible. The efficiency for the delayed events selection depends on the energy resolution. The energy
resolution of 17-inch analysis is 7.3 % /
√
E [MeV] and 17+20-inch analysis is 6.5 % /
√
E [MeV]. The
time variation and position dependence are included in the 0.3 % uncertainty of the energy resolution.
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5.3.2 Fiducial Cut and Space Correlation
There are many background events from surrounding rock and detector materials shown in Figure(7.1)
and they cause the accidental backgrounds. At the first result, the fiducial radius cut is Rprompt ≤ 5




delayed ≥ 1.2 m and the analysis threshold of the prompt energy is 0.9
MeV. At the second result, the fiducial radius cut is Rprompt ≤ 5.5 m, Rdelayed ≤ 5.5 m, and the analysis
threshold of the prompt energy is 2.6 MeV to avoid the effect of geo neutrino. However, accidental
backgrounds can be strongly suppressed by using the information of energy, radius, space correlation
and time correlation. In this analysis, Rprompt ≤ 6 m and Rdelayed ≤ 6 m cut and likelihood selection
described in Chapter(6) are applied for the fiducial enlargement with strongly suppressed accidental
backgrounds.
The efficiency of space correlation includes both the fiducial volume cut (R ≤ 6.0 m) and the vertex
correlation cut (∆R ≤ 2 m). The space correlation between the prompt event and the delayed event
is simulated by GEANT4[76]. The simulation takes into account for the neutron diffusion, gamma
diffusion and vertex resolution. To confirm the validity of the simulation, 68Ge and AmBe calibration
data are used. Figure(5.9) shows the result of AmBe calibration source located at the detector center. The
neutron capture time is fitted to ∼ 207 µsec and the efficiency of ∆R ≤ 2 m cut is 99.9 %. Figure(5.10)
shows the comparison data with simulation and the efficiency of space correlation as a function of the
prompt energy. The simulated vertex correlation is good agreement with the data and the efficiency is ∼
93 %.
5.3.3 Time Correlation
The time correlation cut of 0.5 µsec is applied to remove the detector deadtime effect. Too close coinci-
dence events within 200 nsec are regard as one event in the KamLAND electronics. The efficiency of the
time correlation cut is estimated from spallation neutron events described in Section(7.3.1). In order to
avoid the busy electronics condition due to the multiple neutrons, high charge muons are not used for the
estimation. Figure(5.11) shows the time difference from muons to spallation neutron capture events. The
mean capture time is measured to be 207.5 ± 2.8 µsec. Therefore, the efficiency of the time correlation
is calculated as follows,










5.3.4 Spallation Cut and Veto Time
Muon events induce neutrons and several isotopes. Some of isotopes such as 8He/9Li emit β decay and
neutron. Therefore, they can mimic signal of anti-neutrinos. There are four types of muon and three cut
conditions for removing the effect of spallation products,
• Low Charge Muon (Q ≤ 40,000 p.e.)
2 msec whole volume veto is applied.
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Mean      420
RMS     560.9
 / ndf 2χ  259.2 / 243
N         371± 9.821e+04 
Life Time  1.0± 207.6 
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Figure 5.9: Delayed Coincidence Calibration using the AmBe source located at the detector center.
(Top-Left)Prompt energy spectrum. Two peaks correspond to the neutron capture on proton (2.22 MeV)
and gamma-ray from first excited state of 12C. (Top-Right)Delayed energy spectrum. The accidental
coincidence events of 4.4 MeV gamma-ray overlap with the gamma emission from the neutron capture
on 12C. (Bottom-Left)Space correlation between source position and delayed neutron. The efficiency for
the 2 m cut is ∼ 99.9 % (Bottom-Right)Time Correlation between prompt event and delayed event. The
exponential fitted result is ∼ 207.6 µsec
• Showering Muon (Q > 40,000 p.e. and ∆Q > 106 p.e.)
2 sec whole volume veto is applied.
• Bad Reconstructed Muon (Q > 40,000 p.e. and badness ≥ 100)
2 sec whole volume veto is applied.
• Well Reconstructed Non-Showering Muon (Q > 40,000 p.e., badness < 100 and ∆Q < 106 p.e.)
2 msec whole volume veto and 2sec cylindrical volume around muon truck is applied. This cylin-
drical volume veto is only applied for delayed n event.
Where Q is the total charge of 17-inch PMT and ∆Q is the residual charge. The badness is the quality of
the muon reconstruction. Here two msec veto is applied to remove neutron events and the noise period
caused by muons. Two sec veto is applied to remove the contribution of 8He/9Li events. About 10 % of
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Figure 5.10: Efficiency of space correlation as a function of prompt energy. For this estimation, MC
simulation using e+ and neutron are used. (Left)MC/Data comparison in efficiency estimation. Data
is constructed from 68Ge and AmBe delayed n events. MC is constructed from 0 MeV e+ and neutron
taking into account of vertex resolution, neutron diffusion and charge dispersion. (Right)Efficiency of
space correlation. The red line shows the efficiency for 17+20-inch PMT analysis. The blue line shows
the efficiency for 17-inch PMT only analysis. The efficiency is ∼ 93 %.
sec]µspallation neutron capture time [
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Figure 5.11: Time correlation between muons and spallation neutron capture events. The selection is
350 < NsumMax < 550 and ∆Q < 0 p.e. for avoiding the unknown effect from the multiple neutron
events. The mean capture time is estimated to be 207.5 ± 2.8 µsec.
runtime is vetoed by above spallation cut. The spallation products are described in Section(7.3) and the
remained 8He/9Li backgrounds are discussed in Section(7.3.3)
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5.3.5 Multiple Coinidence Cut
The multiple neutron events can be produced by the spontaneous fission of 238U in the KamLAND
detector or NC interaction of atmospheric neutrinos. In this analysis, three multiple coincidence events
are observed. These prompt energies are 6.69, 1.88 and 2.27 MeV. Since reactor and geo anti-neutrinos
cannot make multiple neutrons, these events are removed.
5.4 Live Time Calculation
5.4.1 Run Time and Dead Time
The total data set for anti-neutrino analysis is calculated from run time , dead time and veto time. These
definitions are as follows :
• run time
This is defined as (time of the last event in the run) - (time of start event in the run) . Total run time
is 1707 days.
• bad run and half-bad run
The quality of these runs are not good for anti-neutrino analysis. For example, too short run time
for analysis, many 17-inch bad-channel because of HV supply failure and so on. The half-bad run
has some periods which satisfy the condition of bad run.
• trigger disable period
In case the trigger modules become busy, the trigger disable flag is recorded. After recovering,
trigger enable flag is also recorded. The time between trigger disable flag and trigger enable flag
is treated as the deadtime.
• the large time interval event (≥ 100 msec)
In case the data flow become busy, the data packets from trigger modules are broken. These illegal
packets are difficult to use for analysis, then these are ignored at the event building process. The
large time interval (≥ msec) between each history event is treated as the deadtime.
• missing muon
Usually the multiple noise events show within 150 µsec after muons. But sometimes these events
show without any muons before 150 µsec. This indicates the possibility of missing muon or other
unknown deadtime. The missing muons are tagged by multiple noise events within 1 msec and
without any muon. This period is regarded as the deadtime. In case Showering muons come into
the detector during deadtime period, 2 sec veto for whole volume of the detector is conservatively
applied.
The uncertainly of deadtime finding is estimated from 1 PPS trigger events. This trigger is the forced
acquisition trigger at every second synchronizing with GPS module except the supernova trigger. Then ,
following equation is ideally right.
number of 1 PPS trigger×1sec = runtime −vetotime − supernova trigger period (5.4)
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Then unknown deadtime ratio is defined as,∣∣∣∣1− number of 1 PPS trigger×1secruntime −vetotime − supernova trigger period
∣∣∣∣ (5.5)
Fig(5.12) shows this unknown deadtime ratio for good runs. There are some runs which have large
percentage (≥ 2 %). But almost of all runs are much less than 2 % and average is 0.03 %.
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Figure 5.12: Unknown deadtime ratio. Except a few runs, the average of the unknown deadtime ratio is
0.03 %.
5.4.2 Live Time
The livetime is calculated from runtime, deadtime and veto time information run by run. To check the
overlap of each veto in time and volume, the MC generated events which have uniform timing and vertex




number of events(R < 6.0m) after applying all cuts
number of events
(5.6)
The uncertainly of this calculation is checked by the statistic of the generated events. About 2.6 ×
109 events are generated, and the vetoed events are about 10 % of the total generated events for good
runs. The error for the ratio of the vetoed events to the total generated events is about 6.2 × 10−6 %.
Therefore, the uncertainly of the calculation is 0.0006 %. Figure(5.13) shows the ratio of livetime to
runtimr for each good run and half-bad run. The total livetime from Mar. 9 2002 to May 12 2007 (from
run 220 to run 6801) is 1490.8 days.
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Figure 5.13: Ratio of livetime/runtime for each run.The cyan square shows half-bad run. The black
square shows good run. The small ratio indicates that the run has noisy period. The average ratio of
livetime to runtime is about 90 %
5.5 Event Reduction
The anti-neutrino events are selected using the following reduction procedure,
• Bad run and Deadtime Reduction : reducing factor ∼ 0.96
5.82 × 109 → 5.58 × 109 events
• Noise and Flasher Events Cut : reducing factor ∼ 0.82
5.58 × 109 → 4.55 × 109 events
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Figure 5.14: Livetime integration. Daily run time ratio (Left side) and integrated livetime (Right side)
are shown in this figure.
• Muon Events Cut : reducing factor ∼ 0.99
4.55 × 109 → 4.50 × 109 events
• 2 msec veto after muons : reducing factor ∼ 0.99
4.50 × 109 → 4.46 × 109 events
• Delayed Coincidence Selection : reducing factor ∼ 1.9 × 10−4
(0.9 MeV ≥ Eprompt)
(1.8 ≥ Edelayed < 2.6 or 4.0 ≥ Edelayed < 5.8)
(∆R ≤ 2 m)
(0.5 ≤ ∆T < 1000 µsec)
4.46 × 109 → 861,857 events
• 6 m Fiducial Cut : reducing factor ∼ 0.013
861,857 → 11,323 events
• Spallation Cut : reducing factor ∼ 0.806
11,323 → 9,126 events
• Upper Prompt Energy Cut : reducing factor ∼ 0.879
(Eprompt < 8.5 MeV )
9,126 → 8,024 events
• Multiple Neutron Events Cut : reducing factor ∼ 0.999
8,024 → 8,018 events
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Figure(5.15) shows the energy spectrum for each cut. As seen Figure(5.15), the delayed coincidence
method strongly suppresses the background events.
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Figure 5.15: energy spectra after applying reduction procedures. (Left) Energy spectra before applying
the delayed coincidence cut. (Black)Energy spectrum without any cuts. (Green) After the bad period
veto. (Yellow) After noise/flasher events cut. (Magenta)After muon events cut. (Cyan) After 2 msec
veto after muon events. (Red) After delayed coincidence cut. (Right)Energy spectra after applying the
delayed coincidence cut. (Green) After 6 m fiducial volume cut (Magenta) After the spallation cut.
(Cyan) After high energy events cut. (Blue) After multiple neutron events cut.
5.6 Candidates of Anti-neutrino
The events which remains after the event reduction described in Section(5.5) are anti-neutrino candidates.
Figure(5.16) shows prompt/delayed energy spectra, vertex/time correlations and vertex distributions. The
dips around prompt energy ∼1.3 MeV and 3.0 MeV regions are caused by 208Tl, 40K and 210Bi. They
make huge accidental backgrounds and prevent the search of real anti-neutrino events. However, they
have different vertex distribution and correlation. Furthermore, they do not have time correlation. By
using these informations, the remained accidental backgrounds are strongly reduced after Likelihood
selection discussed in Chapter(6).
5.7 Detector Related Uncertainties
Number of Target and Cross Section
As described in Section(2.2.2), the uncertainty of the number of the target proton is less than 0.1 %.
The uncertainty of the cross section of the inverse beta decay reaction is estimated to be 0.2 % [64][66].
comes from the measured neutron lifetime 885.7 ± 0.8 sec and its uncertainty is estimated to be 0.2 %.
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Event Selection and Reconstruction Uncertainties
The uncertainty of event selection comes from the miss-identified events as flasher, noise or muon events.
Considering their event rate and ID inefficiency in Figure(3.28), their uncertainties are less than 0.01 %,
less than 0.002 % and 0.2 % for flasher event cut, noise event cut and OD hit cut, respectively. The
uncertainty of 6 m fiducial volume cut is described in Section(3.9.4) and its error is 1.8 %. The uncertain
of energy scale is described in Section(3.9.5). The uncertainty of livetime comes from the uncertainty of
runtime, deadtime finding error and the livetime calculation. The uncertainty of the runtime is estimated
to be ∼ 5 msec, corresponds to the 200 Hz history trigger rate. thus the uncertainty is 6 × 10−6 % for
the typical 24 hours runtime. The uncertainties of the deadtime finding and the livetime calculation are
described in Section(5.4) and these uncertainties are 0.03 % and 0.0006 %. Finally, the total systematic
uncertainty of the livetime is the quadratic sum of these uncertainties and estimated to be,
(uncertainty) =
√
(6×10−6)2 +0.032 +0.00062 ≅ 0.03% (5.7)
The uncertainty of the trigger threshold effect is assigned as 0.002 % from Figure(2.11).
The detector-related uncertainties for event rate are summarized in Table(5.1). The uncertainty for
∆m2 measurement is discussed in Table(8.1)
Table 5.1: Summary of Detector-Related Uncertainties for Event Rate
Systematic uncertainty 0.9 MeV threshold analysis 2.6 MeV threshold analysis
cross section 0.2 % 0.2 %
number of target protons < 0.1 % < 0.1 %
livetime calculation 0.03 % 0.03 %
trigger efficiency 0.002 % negligible
flasher event cut < 0.01 % < 0.01 %
noise event cut < 0.002 % < 0.002 %
OD hit cut 0.2 % 0.2 %
Fiducial volume 1.8 % 1.8 %
energy scale 1.50 % 1.50 %
total 2.36 % 2.36 %
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Figure 5.16: Anti-neutrino candidates. (Top-Left)Prompt energy spectrum in positron energy scale.
(Top-Right)Delayed visible energy spectrum. The green lines show the energy region for the delayed
energy selection. The contributions of 210Bi, 40K and 208Tl are seen. (Middle-Left)Space correlation be-
tween prompt and delayed event. The green line shows the ∆R selection (∆R ≤ 2m). (Middle-Left)Time
correlation between prompt and delayed event. The green line shows the ∆T selection (∆T ≤ 1000 µsec).
(Bottom-Left)Vertex distribution of the prompt events. Two black lines show the balloon surface and 6.0
m fiducial radius. The cluster around Zp = 8.5 m corresponds to accidental events caused by materials
of the chimney. Events around the outside equator region are caused by muon decay. Since there are no
OD PMTs in the equator region, OD cannot detect these muons. (Bottom-Right)Vertex distribution of
the delayed events. Two black lines are same as the figure of the prompt vertex distribution.
Chapter 6
Likelihood Selection
In Ref.[54], 5.5 m fiducial radius and a 2.6 MeV energy threshold were applied to the reactor anti-
neutrino analysis. To get more statistics and to use the full reactor energy spectrum, a larger fiducial
volume and a lower energy threshold are required. Figure(6.1) shows the S/N ratio as a function of
radius and prompt energy. As this figure shows, accidental coincidence due to 210Bi, 40K and 208Tl are
an important background at large radii and at the low side of the energy spectrum, making it difficult
to simply extend the fiducial volume and lower the energy threshold. However, accidental backgrounds
have a different vertex distribution, a different prompt-delayed vertex correlation and no time correlations
compared to anti-neutrinos. Therefore, accidental backgrounds can be suppressed significantly by using
event characteristics. These different event characteristics are used in the so-called likelihood selection.
6.1 Accidental Background
To investigate the accidental backgrounds, the same prompt/delayed energy selections and vertex correla-
tions are used as for the correlated events. However, an off-time window is used for the time correlation
between the prompt and delayed event. The event selections for accidental background are listed in
Table(6.1).
Figure(6.2) shows the distribution of accidental backgrounds. From them, the probability density
function (PDF) for accidental coincidence events facci(Ed ,∆R,∆T,Rp,Rd) is constructed. The accidental
events are divided into 1,200 bins defined as follows,
• Ed : 3 bins (2.0 ∼ 2.4MeV, 1.9 ∼ 2.0 + 2.4 ∼ 2.5 MeV, 1.8 ∼ 1.9 + 2.5 ∼ 2.6 MeV)
• ∆R : 16 bins (0 ∼ 50 cm, every 10 cm bin up to ∆R = 200 cm)
• Rp,Rd : 5 bins each (0 ∼ 500 cm, every 25 cm bin up to Rp, Rd = 600 cm)
• ∆T : not-binned but a uniform distribution from 0.5 µsec to 1000 µsec.
Accidental events which have delayed energy between 4.0 MeV and 5.8 MeV are estimated indepen-
dently. The PDF function facci is constructed for each 0.1 MeV bin of Eprompt and used for the likelihood
selection described in Section(6.3).
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Figure 6.1: S/N ratio as a function of R3 and prompt energy. The 5 m fiducial line corresponds to the
geo-neutrino analysis([55]) and the 5.5 m fiducial line corresponds to the previous reactor anti-neutrino
analysis([54]).
6.2 Signal Spectrum
The PDF function for anti-neutrino events fν̄e(Ed,∆R,∆T,Rp,Rd) is constructed from GEANT4 simula-
tion [76]. The prompt events are created from uniformly distributed positron events with proper charge
dispersion, vertex resolution and energy resolution. The delayed neutron events are created from position
generated vertices but with neutron diffusion, 2.2 MeV γ charge dispersion, vertex resolution and energy
resolution. The time correlation between prompt and delayed events is independently simulated from the
measured capture time (207.5 ± 2.8 µsec). The simulated anti-neutrino events are divided into 1,200
bins defined as follows,
• Ed : 3 bins (2.0 ∼ 2.4MeV, 1.9 ∼ 2.0 + 2.4 ∼ 2.5 MeV, 1.8 ∼ 1.9 + 2.5 ∼ 2.6 MeV)
• ∆R : 16 bins (0 ∼ 50 cm, every 10 cm bin up to ∆R = 200 cm)
• Rp,Rd : 5 bins each (0 ∼ 500 cm, every 25 cm bin up to Rp, Rd = 600 cm)
• ∆T : not-binned but exponential distribution e−t/211.2µsec from 0.5 µsec to 1000 µsec.
The PDF function fν̄e is also used for the likelihood selection described in Section(6.3).
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Table 6.1: Accidental Event Selection
Selection
Fiducial R ≤ 6m
Prompt energy Eprompt ≥ 0.9 MeV
Delayed energy 1.8 MeV ≤ Edelayed ≤ 2.6 MeV
Vertex correlation ∆R ≤ 2m
Time correlation 10 msec ≤ ∆T ≤ 20 sec.
µ veto 2 msec whole volume veto for all µ (prompt/delayed)
2 sec whole volume veto
for showering µ and bad reconstructed µ (delayed)
2 sec 3 m cylindrical volume veto along µ track
for non-showering µ (delayed)
6.3 Definition of Likelihood Selection


















(number of accidental events with L)dL
(6.2)
where S is the number of anti-neutrino events expected from the unoscillated reactor and geo anti-
neutrino and Bacci is the number of observed accidental background scaled by the time window of the
anti-neutrino analysis. Figure(6.3) shows the input signal spectrum as a function of Eprompt and Fig-
ure(6.4) shows the signal and accidental distributions as a function of Lratio for each 0.1 MeV Eprompt
bin. S and Bacci are calculated by integrating from Lratio to 1 and shown in Figure(6.5), then FOM is
estimated from Figure(6.6).
6.3.1 Efficiency of Likelihood Selection
The detection efficiency ε(Eprompt) is estimated from simulated anti-neutrino events. 1.0 × 107 events
are generated uniformly in a 7.5 m radius for each Eprompt bin, then the likelihood selection cut is applied.
ε(Eprompt) is estimated from the number of events after all selection cut are applied divided by the number
of generated events in 6 m fiducial radius and written as follows,
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Figure 6.2: The distribution of accidental background. (Top-Left)Prompt energy spectrum. (Top-
Right)Delayed energy spectrum. (Middle-Left)Vertex correlation between prompt and delayed events.
(Middle-Right)Time correlation between prompt and delayed events. (Bottom-Left)Vertex distribution
of prompt events. (Bottom-Right)Vertex distribution of delayed events. The black lines correspond to
6.0 m fiducial radius and 6.5 m balloon edge radius.
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ε(Eprompt) =
number of survival events after all selection
number of generated events in R < 6 m
(6.3)
Figure(6.8) shows the efficiency after the likelihood selection. Below 1.2 MeV, the efficiency is lower
due to 210Bi accidental events. The valley around 1.4 MeV corresponds to 40K γ-ray accidental events
from the balloon film and ropes. The valley around 2.6 MeV corresponds to 208Tl γ-ray accidental events
from the outside. Above 3 MeV there are no radioactive isotopes which give accidental backgrounds.
Therefore, as seen in Figure(6.8), the likelihood selection only has a very small impact above 3 MeV.
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Figure 6.3: Input signal for likelihood selection. The red histogram shows the expected reactor anti-
neutrino energy spectrum without oscillation within 6m fiducial radius. The green histogram shows the
expected geo anti-neutrino energy spectrum without oscillation. The blue histogram shows the sum of
the red histogram and the green histogram
6.4 Final Samples of Anti-Neutrino
From the 8018 events described in Section(5.6), 1609 evens remain above 0.9 MeV prompt energy
threshold after applying the likelihood selection. The various profiles of these events are shown in Fig-
ure(6.9)(6.10)(6.11)(6.12)(6.13). Comparing these figures, the accidental backgrounds are strongly sup-
pressed below 3.0 MeV. The events which have large ∆R and ∆T are rejected except for neutron capture
on 12C events. Furthermore, Tight delayed energy cut is applied for low energy region(Eprompt < 1.4
MeV) to remove 208Tl contribution.
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Figure 6.4: Accidental and signal events distribution of Lratio. The horizontal axis shows the likelihood
ratio Lratio. The blue histogram shows the accidental events scaled by the ν̄e analysis time window. The
red histogram shows the expected ν̄e events without oscillation .The selection for prompt energy is as
follows, (Top)1.3 ≤ Eprompt < 1.4 MeV, (Middle)3.0 ≤ Eprompt < 3.1 MeV, (Bottom) 4.0 ≤ Eprompt <
4.1 MeV. As the prompt energy becomes higher, the number of accidental events becomes smaller.
6.5 Uncertainties of The Likelihood Selection
The input signal of Likelihood selection shown in Figure(6.3) is binned, although the actual signal is
continuous. The uncertainty of binned signal is estimated from the difference between the number of
input signal and the number of continuous signal. Its uncertainty is 0.8 % for the geo neutrino analysis
and less than 0.1 % for reactor neutrino analysis.
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Figure 6.5: Signal and background distributions constructedd by integrating the distribution in Fig-
ure(6.4) (See Eq.(6.2)). The blue line and red line corresponds to background Bacci and signal S at
the Lratio, respectively. The selection for the prompt energy is as follows, (Top)1.3 ≤ Eprompt < 1.4 MeV,
(Middle)3.0 ≤ Eprompt < 3.1 MeV, (Bottom) 4.0 ≤ Eprompt < 4.1 MeV.
The uncertainty of ∆T cut of the likelihood selection is estimated from 207.5 ± 2.8 µsec neutron
capture time shown in the Figure(2.11). In the Eprompt = 1.022 MeV case, the efficiency becomes 0.3652
± 0.0011 depends on the capture time. Thus 0.3 % uncertainty is assigned.
The uncertainty of ∆R cut of the likelihood selection is estimated from the difference between data
and simulated events using GEANT4 [76]. The data are constructed from 68Ge (2 0.511 MeVγ) and
AmBe n calibration sources. The simulated events are constructed from 0 MeV e+ and 2 ∼ 6 MeV neu-
trons accounting for the KamLAND geometry, charge dispersion, neutron diffusion and vertex/energy
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Figure 6.6: The maximum figure of merit at each Eprompt for the likelihood selection estimated from
figure(6.5). The green lines show the selection point which has the maximum figure of merit and the
defines the value Lcut(Eprompt). The selection for prompt energy is as follows, (Top)1.3 ≤ Eprompt <
1.4 MeV, (Middle)3.0 ≤ Eprompt < 3.1 MeV, (Bottom) 4.0 ≤ Eprompt < 4.1 MeV. As the prompt energy
becomes higher, the Lratio which has the maximum figure of merit become smaller.
resolution. The edge effect for events near the balloon surface which lose part of their energy outside of
the liquid scintilator is negligible in this 6 m fiducial volume analysis. Figure(6.14) shows the energy de-
pendence of the systematic uncertainties and the contributions related to the space and time correlations.
As seen in Figure(6.14), the deviation becomes large below 1.2 MeV and reaches ∼ 7 %. However the
uncertainty decreases to 0.5 % at higher energies.
The uncertainty of the Edelayed cut of the likelihood selection is also estimated from the simulated
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Figure 6.7: The maximum figure of merit as a function of Eprompt . The Lratio which has the maximum
figure of merit used for the event selection.
data. As described in Section(3.9)), the energy resolution is 6.5 % ± 0.3 % /
√
E[MeV]. The effi-
ciency variation between 6.2 % /
√
E[MeV] and 6.8 % /
√
E[MeV] is assigned as the uncertainty. The
uncertainty is 1.3 % below 1.2 MeV and 0.5 % above 2.6 MeV.
All uncertainties, including the energy scale uncertainty (Section(3.9.5)), reactor related uncertain-
ties (Section(4.4)) and detector related uncertainties(Section(5.7)) are summarized in Table(6.2). The
uncertainty on the ∆m2 measurement is discussed in Table(8.1).
Table 6.2: Summary of Uncertainties for Event Rate
Systematic uncertainty 0.9 MeV threshold analysis 2.6 MeV threshold analysis
likelihood selection 0.6 % 0.6 %
likelihood binned efficiency < 0.1 % < 0.1 %
Other detector-related uncertainties 2.4 % 2.4 %
Reactor related uncertainties 3.3 % 3.5 %
total 4.1 % 4.3 %
CHAPTER 6. LIKELIHOOD SELECTION 133
 (MeV)promptE





















17 inch + 20 inch PMTs
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17 inch + 20 inch PMTs, without Likelihood selection
Figure 6.8: The detection efficiency after applying all selections including the likelihood selection. The
blue points show the efficiency of 17-inch PMT only analysis. The red points show the efficiency of 17-
inch + 20-inch PMT analysis. The green points shows the efficiency of 17-inch + 20-inch PMT analysis
without the likelihood selection. Below 1.2 MeV, the efficiency decreases due to 210Bi accidental events.
The valley around 1.4 MeV corresponds to 40K γ-ray accidental events from the balloon and ropes. The
valley around 2.6 MeV corresponds to 208Tl γ-ray accidental events from the outside. Above 3 MeV,
there are no radioactive isotopes which give accidental background and the efficiency is the same as the
efficiency without the ikelihood selection cut (92.5 %).
CHAPTER 6. LIKELIHOOD SELECTION 134
Prompt energy(MeV)






























































Figure 6.9: Final samples of anti-neutrino. The black histogram shows the events before applying
likelihood selection. The blue histogram shows the events after applying likelihood selection. (Top-
Left)Prompt energy spectrum. The accidental coincidence events below 3.0 MeV are strongly sup-
pressed. (Top-Right)Delayed Energy spectrum. 2.2 MeV γ neutron capture on proton and 4.9 MeV
gamma neutron capture on 12C are seen. (Bottom-Left)Vertex correlation between prompt and delayed
events. (Bottom-Right)Time correlation between prompt and delayed events.
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Figure 6.10: Final samples of anti-neutrino. The histogram shows the events rejected by the likelihood
selection. The red points show the final samples. The green line shows the fiducial radius of 6.0 m. (Top)
Prompt vertex distribution. (Bottom) Delayed vertex distribution.
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Figure 6.11: Final samples of anti-neutrino. The histogram show the events rejected by the likelihood
selection. The red points show the final samples which have 1.8 < Edelayed < 2.6 MeV γ (neutron capture
on protons). The blue points show the final samples which have 4.0 < Edelayed < 5.8 MeV γ (neutron
capture on 12C). The green lines show the selection criteria. (Top-Left) Correlation between Eprompt
and Edelayed . Around 0.9 MeV, tight Edelayed cut are seen. (Top-Right) Correlation between ∆R and
∆T. (Middle-Left) Correlation between Eprompt and Rprompt . Around 0.9 MeV, candidate events which
have large R are rejected due to accidental backgrounds. (Middle-Right)Correlation between Eprompt
and ∆R. Around 0.9 MeV, large ∆R events are suppressed. (Bottom-Left)Correlation between R3prompt
and Eprompt . (Bottom-Right)Correlation between Eprompt and ∆T. Around 0.9 MeV, large ∆T events are
suppressed.
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Figure 6.12: Final samples of anti-neutrino. Correlation between Rprompt and ∆R for each Eprompt selec-
tion. The black points show the events rejected by the likelihood selection. The red points show the final
samples which have 1.8 < Edelayed < 2.6 MeV γ (neutron capture on protons). The blue points show the
final samples which have 4.0 < Edelayed < 5.8 MeV γ (neutron capture on 12C). The green lines show the
selection criteria. (Top-Left) 0.9 ≤Eprompt ≤ 1.4 MeV case. Events which have both large R and large
∆R are rejected. (Top-Right)1.4 ≤Eprompt ≤ 1.6 MeV case. (Bottom-Left) 2.6 ≤Eprompt ≤ 3.0 MeV
case. (Bottom-Right)3.0 ≤Eprompt ≤ 8.5 MeV case. Almost of all events are passed by the likelihood
selection.
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Figure 6.13: Final samples of anti-neutrino. Correlation between Rprompt and ∆T for each Eprompt selec-
tion. The black points show the events rejected by the likelihood selection. The red points show the final
samples which have 1.8 < Edelayed < 2.6 MeV γ (neutron capture on protons). The blue points show the
final samples which have 4.0 < Edelayed < 5.8 MeV γ (neutron capture on 12C). The green lines show the
selection criteria. (Top-Left) 0.9 ≤Eprompt ≤ 1.4 MeV case. Events which have both large R and large
∆T are rejected. (Top-Right)1.4 ≤Eprompt ≤ 1.6 MeV case. (Bottom-Left) 2.6 ≤Eprompt ≤ 3.0 MeV
case. (Bottom-Right)3.0 ≤Eprompt ≤ 8.5 MeV case. Almost of all events are passed by the likelihood
selection.
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Figure 6.14: Systematic uncertainties as a function of energy. The systematic uncertainty is only energy
dependent below ∼1.5 MeV.
Chapter 7
Background
7.1 Background Study for Single Events
The backgrounds for single events are mainly caused by the radioactivities in the liquid scintillator, ex-
ternal radiation and spallation products induced by muons. It is important to understand the background
activity in KamLAND. Figure(7.1) shows the energy spectrum for various fiducial volume radii after
applying a 2 msec veto after muons. There are two peaks around 1.46 MeV and 2.62 MeV which cor-
respond to the γ-ray from 40K and 208Tl. Most of the 40K events come from the balloon and ropes.
The concentration of radioactivities in the balloon and rope as measured by ICP-MASS are listed in
Table(7.1). Most of the 208Tl events come from outside of the detector, since there is a large amount
of radioactive isotopes of 232Th, which decays and produces the daughter isotope 208Tl in the surround-
ing rock. The measured rates of 40K and 208Tl coming from the outside are about 0.86 Hz and 2.8 Hz,
respectively [77]. Since these events come from the outside, the fiducial radius cut is effective in sup-
pressing them. The 40K events contribute to the accidental background for the anti-neutrino analysis as
fake prompt events. The 208Tl events contribute to the accidental background as both fake prompt and
fake delayed events. Figure(7.2) shows the vertex distribution of various energy events.
In the energy region from 1.0 MeV to 3.0 MeV, the attenuation of external γ-rays can be seen. There
are other background events along the central cylindrical region which come from thermometers and their
cables; these were removed in Apr. 2004. The high energy region is dominated by the long-life spallation
products induced by cosmic ray muons and external γ-rays from (α , n) and (n, γ) events produced in the
outside of the detector, mainly in the surrounding rock. Figure(7.3) shows the energy spectrum below
3 MeV using special low-threshold data. In this region, the dominant background is 85Kr, 210Bi and
210Po in the liquid scintillator. Figure(7.4) shows the single spectrum with 4 m fiducial volume with the
expected spallation products and estimated radioactive isotopes. The number of spallation products are
listed in Table(7.3). The high energy region is in good agreement with expected spallation products, and
the low energy region is in agreement with radioactive isotopes. The concentrations of 40K, 238U and
232Tl are listed in Table(7.2).
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Table 7.1: Concentration of radioactivity in the balloon and ropes as measured by ICP-MASS
40K 238U 232Th
balloon
concentration [ppb] 0.27 0.018 0.014
radioactivity [Bq] 7.2 0.02 0.006
rope (∼100 kg)
concentration [ppb] 1.2 0.08 0.8
radioactivity [Bq] 31 0.1 0.33
Table 7.2: Concentration of radioactivity in the liquid scintillator
40K 238U 232Th
liquid scintillator
concentration [g/g] 1.7 × 10−16 2.7 × 10−18 6.1 × 10−17
radioactivity [Bq/m3] 3.5 × 10−5 2.6 × 10−8 1.2 × 10−7
Table 7.3: Summary of spallation products
isotope life time Q value decay mode measurement Ref. [77] Ref. [78]
[MeV] events/day/kton
8B 1.11 sec 18.0 β+ - < 9.2 8
12N 15.9 msec 17.3 β+ 2.0 ± 0.4 < 0.6 -
9C 182.5 msec 16.5 β+ - 3.1 ± 0.8 5.5
8Li 1.21 sec 16.0 β− - 26.8 ± 9.2 5
12B 29.1 msec 13.4 β− 62.5 ± 2.6 57.9 ± 1.8 -
10C 27.8 sec 3.65 β+ - 16.6 ± 1.4 139
6He 1.16 sec 3.51 β− - - 19
11C 29.4 min 1.98 β+ - 818 ± 59 1039
7Be 76.9 day 0.478 EC, γ 10.5 % - - 231
14C 8267 year 0.156 β− - - -
8He/9Li 171.7/257.2 msec 10.7/13.6 β− + n 2.7 ± 0.8 - 2.4
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Figure 7.1: Single energy spectrum for various fiducial volume radii after applying a 2 msec veto after
muons. The fiducial cut significantly suppresses external radiations (40K and 208Tl). The central cylin-
drical region has radioactivities in the thermometers and their cables which were removed in Apr. 2004.
Two peaks in the low energy region correspond to the prompt and the delayed trigger threshold. The 8
MeV peak region corresponds to external γ-rays from (α , n) and (n, γ) events produced in the outside of
the detector, mainly in the surrounding rock. The dominant events in high energy region are spallation
products such as 12B.
7.2 Radioactive Impurities
7.2.1 U-Series
The concentration of 238U can be estimated from the 214Bi-214Po delayed coincidence method. The decay








The selection criteria for 214Bi-214Po delayed coincidence are listed in Table(7.4).
The efficiency and systematic uncertainly are listed in Table(7.5) and (7.6). Figure(7.5) shows the
214Bi−214Po coincidence events. In the estimation, the fiducial volume within 4m radius and 2m cylin-
drical cut along z-axis is applied to avoid accidental coincidences. ∆T ≥ 5 µsec cut is also applied to
avoid 212Bi-212Po coincidence. The time correlation is 239.1 ± 3.3 µsec and in good agreement with the
mean lifetime of 214Po 237 µsec.
Figure(7.7) shows the time variation of the 214Bi-214Po event rate. This event rate is (2.6 ± 0.17) ×
10−8 Bq/m3 and corresponds to 238U concentration (2.7 ±0.14) × 10−18 g/g. Figure(7.8) shows time
variation of 214Bi-214Po event rate within 2m cylindrical volume along z-axis. The occasional increase
in the 214Bi-214Po coincidence rate is due to the introduction of contaminants during calibration.
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Table 7.4: 214Bi-214Po Event Selection
Selection
Fiducial R ≤ 4m
2 m cylindrical volume veto along the z-axis
Prompt energy Eprompt ≥ 1.3 MeV
Delayed energy 0.3 MeV ≤ Edelayed ≤ 1.0 MeV
Vertex correlation ∆R ≤ 1m
Time correlation 5 µsec. ≤ ∆T ≤ 1000 µsec.
Table 7.5: 214Bi-214Po detection efficiency
Selection Efficiency
Prompt energy cut (branching ratio = 99.979 % 89.4 %
Delayed energy cut 99.7 %
Vertex correlation 96.5 %
Time correlation 96.4 %
Total 82.9 %
Table 7.6: Systematic uncertainty in the 214Bi-214Po selection
Selection Efficiency
Prompt energy cut 3.4 % (3.0 % / 89.4 %)
Delayed energy cut -
Vertex correlation 1.3 % (1.3 % / 96.5 %))
Time correlation 0.62 % (0.60% / 96.4 %)
Fiducial cut 2.3 % (3 cm bias at 400 cm)
Total 4.5 %
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7.2.2 Th-Series
The concentration of 232Th can be estimated from 212Bi-212Po delayed coincidences. The decay chain








The selection criteria for 212Bi-212Po delayed coincidence are listed in Table(7.7).
Table 7.7: 212Bi-212Po Event Selection
Selection
Fiducial R ≤ 5m
2 m cylindrical volume veto along the z-axis
Prompt energy Eprompt ≥ 1.0 MeV
Delayed energy 0.3 MeV ≤ Edelayed ≤ 1.0 MeV
Vertex correlation ∆R ≤ 1m
Time correlation 0.4 µsec ≤ ∆T ≤ 1.0 µsec
The efficiency and systematic uncertainly are listed in Table(7.8) and (7.9). Figure(7.5) shows the
212Bi−212Po coincidence events. The analysis requires a 5 m radius fiducial volume and a 2m cylindrical
cut along the z-axis to avoid accidental coincidences. ∆T ≤ 1 µsec cut is also applied to avoid the 214Bi-
214Po coincidence. The time correlation of 0.449 ± 0.064 µsec is in good agreement with the mean
lifetime of 212Po 0.431 µsec. Figure(7.7) shows time variation of the 212Bi-212Po event rate. This event
rate (1.2 ± 0.060) × 10−7 Bq/m3 corresponds to a 232Th concentration of (6.1 ±0.31) × 10−17 g/g.
Table 7.8: 212Bi-212Po Detection Efficiency
Selection Efficiency
Prompt energy cut (branching ratio = 64.06 % 44.2 %
Delayed energy cut 99.9 %
Vertex correlation 96.5 %
Time correlation 30.3 %
Total 12.9 %
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Table 7.9: Systematic Error of 212Bi-212Po Selection
Selection Efficiency
Prompt energy cut 2.3 % (1.0 % / 44.2 %)
Delayed energy cut -
Vertex correlation 1.3 % (1.3 % / 96.5 %))
Time correlation 0.59 % (0.18% / 30.3 %)
Fiducial cut 1.8 % (3 cm bias at 500 cm)
Total 3.3 %
7.2.3 Radioactivity of 85Kr, 210Bi and 210Po in The Liquid Scintillator
Below 1 MeV, backgrounds are dominated by the radioactive noble gases, 85Kr, 222Rn and 39Ar. 222Rn



















Figure(7.9) shows the single spectrum fitted by the beta spectrua of 85Kr, 39Ar and 210Bi and a
gaussian to fit the quenched 210Po α decay. These beta spectra are taken from Ref. [79] and converted to
the visible energy spectra in KamLAND. The measured rate of each background is listed in Table(7.10).
The end-point energy of 210Bi is higher than the prompt trigger threshold. Therefore, the rate of 210Bi
can also be measured using normal data with more statistics.
Table 7.10: The measured radioactivity of 210Bi, 85Kr, 39Ar and 210Po
isotope measurement
(mBq / m3 at Mar. 3 2002)
210Bi 52.1 ± 2.1
85Kr 574 ± 27
39Ar < 152
210Po 39.4 ± 1.8
Figure(7.10) shows the monthly-averaged 85Kr 210Po rate and the run by run 210Bi rate. The results
are in good agreement with the half-life of 85Kr (10.76 year) and 210Pb (22.3 year).
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The existence of 85Kr is confirmed by the delayed coincidence method by tagging of a γ ray of the
decay 85Kr → 85Rb∗ (0.514 MeV) with a small branching ratio of 0.434 % (Figure(7.11)). But it is hard
to estimate the rate of 85Kr from the delayed coincidence method since it is hard to estimate the prescale
trigger threshold efficiency.
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Figure 7.2: Vertex distributions for events of different energies in the whole volume. The two black lines
show the 5.5m radius and 6.5m balloon edge radius. There are intensive regions around the equator and
he outside of the balloon at high energy, possibly due to stopping or clipping muons since there are no
PMTs in the outer detector around the equator and the water buffer is thin. External radiations from 40K
and 208Tl s visible in the 1.0 MeV ∼ 3.0 MeV energy region. Below 1 MeV, which corresponds to 85Kr
and 210Bi, the distribution is uniform.
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Figure 7.3: Singles energy spectrum below 3 MeV for different fiducial volume radii after applying a 2
msec veto after muons using low-threshold run. Two β spectra correspond to 85Kr and 210Bi which are
clearly seen below 1 MeV. The peak around 0.2 MeV corresponds to 210Po α decay and peak around 0.1
MeV corresponds to 14C β decay and trigger efficiency.
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 g/g)-16 10×K (1.7 40
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Spallation Products
Figure 7.4: Singles spectrum with a 4 m fiducial radius and a
√
X2 +Y 2 > 2 m cut. The data corresponds
to the period after the thermometers were removed (from Apr. 2004 to May 2007). The high energy
spallation products, 12B (62 events/day/kton, Table(7.11)), 12N (2 events/day/kton, Table(7.11)) 9C (3.1
events/day/kton [77]) 8Li (26.8 events/day/kton [77]) and 8B (8 events/day/kton [77]) which have the
high end-point energy above 10 MeV. The estimates for the low energy spallation products are from
Ref [77],[78] . The production rates are 6He (19 events/day/kton), 10C (16.6 events/day/kton), 11C (818
events/day/kton) and 7Be (231 events/day/kton). The concentration of 238U and 232Th is estimated to be
2.7 × 10−18 g/g and 6.1 × 10−17 g/g, respectively by delayed coincidences. From this spectrum, the
concentration of 40K is estimated to be 1.7 × 10−16 g/g by subtracting spectra of spallation products,
238U and 232Th.
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Figure 7.5: 214Bi-214Po coincidence events. The red points shows events within 4m radius. The cyan
histogram shows events within 4m radius applied a 2m cylindrical volume cut along the z-axis. (Top-
Left)214Bi visible energy spectrum (Top-Right)214Po visible energy spectrum (Middle-Left)Space corre-
lation between prompt and delayed events (Middle-Right)Time correlation between prompt and delayed
events (Bottom-Left)Vertex distribution of prompt events (Bottom-Right)Vertex distribution of delayed
events. There are many 214Bi-214Po events along z-axis due to 222Rn contamination introduced during
calibration.
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Figure 7.6: 212Bi-212Po coincidence events. The red points shows events without fiducial volume cut.
The cyan histogram shows events within 5m radius and 2m cylindrical volume cut along z-axis. (Top-
Left)212Bi visible energy spectrum (Top-Right)212Po visible energy spectrum (Middle-Left)Space corre-
lation between prompt and delayed events (Middle-Right)Time correlation between prompt and delayed
events (Bottom-Left)Vertex distribution of prompt events (Bottom-Right)Vertex distribution of delayed
events
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Po events within 5m radius , 2m cylindrical cut along z-axis212Bi-212
 g/g-1410
 g/g-1610
Figure 7.7: Time variation of 214Bi-214Po and 212Bi-212Po events. The left figure shows 214Bi-214Po
events and the right figure shows 212Bi-212Po events. The magenta lines indicate the periods when the
4π calibration devise was in the detector, an elevated level of 214Bi-214Po coincidences is associated with
these periods due to 222Rn contamination by the device. The 4π calibration periods are excluded for the
238U and 232Th concentration estimation. The result is (2.7 ±0.14) × 10−18 g/g for 238U and (6.1 ±0.31)
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Po events within 2m cylindrical volume along z-axis (-4m < Z < 4m)214Bi-214
removed thermometer
installed new Glove box
 calibrationπ4
Figure 7.8: Time variation of the 214Bi-214Po events within 2m cylindrical volume along the z-axis (
-4m < Z < 4m). There are several decay curves corresponding to long-time z-axis calibration and 4π
calibration. The magenta lines show the 4π calibration periods. There was a thermometer at the detector
center before Apr. 2004. After removing the thermometer, the 214Bi-214Po decay rate reduced by factor
of 10. However, the decay rate increased again after installing the 4π glove box.
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Figure 7.9: Singles spectrum fitted with beta spectra (85Kr : green, 39Ar : blue and 210Bi : magenta) and
a gaussian (210Po α decay : cyan). (Left)Singles spectrum using low threshold data within 5.5 m radius.
(Right)Singles spectrum using normal data within 5.5 m radius.
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Figure 7.10: Monthly-average rates of 85Kr, 210Po and run-by-run 210Bi rate within 5.5 m radius. (Left)
Monthly-average 210Po rate and run by run 210Bi rate. The cyan points show the 210Po rate in whole
volume using low threshold data and history runs which have only PMT hit information. In this case,
210Po rate is estimated from NsumMax distribution by fitting gaussian + linear function. The blue points
show 210Po rate within 5.5 m radius. The magenta points show 210Bi rate within 5.5 m radius using
normal data. The red lines are the fitting function, where the free parameters are the time offset t0 and
the number of initial 210Pb N0Pb; and the half-life of
210Pb and 210Po are fixed. First, the 210Po rate in the
whole volume is fitted and used to estimate t0. Then 210Po rate within 5.5 m radius is fitted with fixed t0.
210Bi rate is found to be in good agreement with 210Po and confirms that they are in equilibrium. (Right)
Monthly-average 85Kr rate within 5.5 m fiducial radius. The red line shows the fitting function where
the free parameters are the 85Kr rate and half-life and the t0 value is set at the start of KamLAND data
taking. Kr half-life is in good agreement with expected (10.76 yr.).
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Figure 7.11: Delayed coincidence events of the 85Kr β decay using the small branch (0.434 %) of the
γ emission. These figures are so-called (n-1) plots. The primary cuts are Eprompt < 0.25 MeV, 0.3 <
Edelayed < 0.6 MeV, ∆R < 1.5 m, ∆T < 5 µsec. (Top-Left)Prompt energy spectrum in visible energy
scale. The end-point energy of the 85Kr in this branch is 0.1730 MeV and the trigger threshold is about 0.1
MeV. (Top-Right)Delayed energy spectrum. The peak corresponds to the 0.514 MeV γ events. (Bottom-
Left) Space correlation between prompt and delayed events. (Bottom-Right) Time correlation between
prompt and delayed events. The measured half life 1.00 ± 0.01 µsec is in agreement with the half life of
the excited state of 85Rb (τ = 1.015 µsec)
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7.3 Spallation Events Induced by Cosmic-Rays
7.3.1 Neutron Production
The neutrons produced by cosmic-ray muons are captured on protons and 12C emitting a 2.22457 MeV γ-
ray or 4.9649 MeV γ-ray, respectively. Therefore, they are observable by the selection using NsumMaX
and time difference from muons. Figure(7.12) shows the NsumMax distribution of neutron capture
events on protons and 12C. The ratio of proton capture events to 12C capture events is in good agreement
with the expected ratio of 99.45 % / 0.55 % from their respective capture cross sections. High charge
events such as those associated with muons, produce many busy channels in the front-end electronics
(FEE) and cause missing waveforms. Figure(7.13) shows the correlation between the time difference
from muon events and the ratio of Nhit to NsumMax. Nhit is the total number of recorded waveforms in
one event and NsumMax is the maximum number of triggered 17 inch PMTs in 25 nsec, thus the ratio of
Nhit to NsumMax should be more than 1.0, but because of missing waveforms, there are events which
have a ratio < 1.0 within 1.2 msec. Figure(7.14) shows the survival event ratio after a Nhit ≥ NsumMax
cut. Figure(7.15) shows the neutron capture time with survival ratio correction. The production rate
of neutrons is estimated to be 2943 ± 206 neutrons /day/kton. Figure(7.16) shows the visible energy
spectrum with and without the selection of good ratio within 6.0 m fiducial radius after muon events.
Neutron capture events on protons and on 12C produce a clear peak. They are good calibration sources as
described in Section(3.7.2). Furthermore, neutron capture events on protons have uniform distributions
of vertex points and are used to estimate the fiducial uncertainty as described in Section(3.9.4).
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neutron capture on proton
C12neutron capture on 
Figure 7.12: NsumMax distribution of neutron capture events on protons and 12C. The cyan histogram
shows on-time window of 150 < ∆Tmuon < 1000 µsec, which includes neutron capture events. The red
histogram shows off-time window of 2150 < ∆Tmuon < 3000 µsec. Events within ∆Tmuon < 150 are
rejected because of electronics noise. The neutron capture events on protons can be selected with a 350
< NsumMax < 550 cut.
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Figure 7.13: Correlation between the time difference from the muon event and the Nhit/NsumMax ratio.
Nhit is the number of recorded waveforms and NsumMax is the number of triggered 17 inch PMTs. The
selection criteria are NsumMax ≥ 200 and not a noise event. The status of (Nhit < NsumMax) indicates
that some waveforms are missing. (Left)Before FEE update. FEE update was done for reducing deadtime
after muon events. (Right)After FEE update.
sec]µtime Difference from muon [










































Figure 7.14: Time correlation between time from muon and good event ratio (i.e. Nhit > NsumMax).
The red line shows the ratio before FEE update and the cyan line shows after FEE update. Some PMT
waveforms are lost within 1.2 msec.
7.3.2 12B/12N Production
12B and 12N are produced by muons in the liquid scintillator and decay via β decay. Their life time and Q-
values are listed in Table(7.11). They do not emit neutrons via β decay, thus they are not a background
for the anti-neutrino analysis. However, their uniform distribution is useful for the estimation of the
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Figure 7.15: Neutron capture time after the missing waveform correction. The black line shows the
capture time distribution before correction and the cyan line shows after correction. The red line shows
the fit result of the capture time.
Visible Energy [MeV]















neutron capture on proton
C12neutron capture on 
Figure 7.16: Visible energy spectrum after muons with the selection 150 < ∆Tmuon < 1000 µsec. The red
histogram shows the energy distribution before the good event selection and the cyan histogram shows
after the good event selection. Clear peaks from thermal neutron capture on protons (2.22 MeV γ) and
12C (4.95 MeV γ) are seen. These are useful for full-volume energy reconstruction studies.
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fiducial volume as described in Section(3.9.4). Since the Q-value of 12N is higher than that of 12B, the
production rate of 12N is estimated using 14 MeV threshold. Figure(7.17) shows the time correlation
between muons and 12N events. The fit result indicates that the 12N production rate is 2.0 ± 0.4 events
/day/kton. Figure(7.18) shows the time correlation between muons and 12B/12N events with 4.0 MeV
energy threshold. Figure(7.19) shows the energy spectrum after the off-time (from 502 msec to 560
msec) subtraction. The production rate of 12B is estimated to be 62.5 ± 2.6 events /day/kton.
Table 7.11: Life Time, Q-value and Production Rate of 12B and 12N
isotope life time Q-value production rate [events /day/kton]
12B 29.1 msec 13.4 MeV (β−) 62.5 ± 2.6
12N 15.9 msec 17.3 MeV (β+) 2.0 ± 0.4
 / ndf 2χ  56.68 / 81
offset    0.149± 1.425 
N   12  0.158± 2.034 
life time  1.70± 19.49 
time difference from muon [msec]












Figure 7.17: Time correlation between muons and 12N events above 14 MeV. The fitter life-time of 12N
(19.49 ± 1.70 msec) is consistent with expectation (15.9 msec).
7.3.3 8He/9Li Production
Cosmic-ray muons interact with 12C nuclei in the liquid scintillator and produce radioactive isotopes.
Some of these isotopes emit beta-rays and a delayed neutron creating a signal that mimics the anti-
neutrino events. The fake prompt signal is the beta-ray and the delayed signal is neutron capture. The
isotopes which emit beta-ray and a neutron are listed in Table(7.12). These events can be selected by
the delayed coincidence method. The selection conditions are listed in Table(7.13). Figure(7.20) shows
the prompt and delayed energy spectrum from showering muons indicating that 9Li events are dominant.
Fig(7.21) shows the time correlation between the prompt event (beta-ray) and muons. This time corre-
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 / ndf 2χ  608.7 / 496
offset    0.38± 54.68 
B   12  0.31± 62.52 
time difference from muon [msec]












Figure 7.18: Time correlation between muons and 12B/12N events above 4 MeV.
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 60 msec)≤T ∆ ≤on-time window(2 
 560 msec)≤T ∆ ≤off-time window(502 
on-time - off-time
Expected
Figure 7.19: 12B/12N energy spectrum within 6 m radius. The black histogram shows the events in on-
time window from 2 msec to 60 msec. The green histogram shows the events in off-time window from
502 msec to 560 msec. The blue points show the events after subtraction of off-time events. The red line
shows the expected 12B/12N spectrum from their production rate.
lation is used to estimate the number of events, the 8He/9Li event ratio and the number of background
events in the reactor anti-neutrino search. The total number of events are 959.1 ± 33.3 and 336.6 ± 26.2
for showering muon and non-showering muon, respectively. To estimate the number of 8He/9Li back-
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ground, the efficiency of the track cut is estimated from spallation neutron event. Figure(7.22) shows the
track correlation and the result is 95.8 %. The selection of muon veto for anti-neutrino is 2 sec veto for
all volume (showering muon) and 2 sec veto for 3 m cylindrical volume veto along muon track (non-
showering muon). Therefore, background events are events which survives more than 2 sec and events
with a distance from the muon track being larger than 3m. The number of events for each case is as
follows,












Therefore, the total number of background events is 15.3 ± 1.15. The efficiency of the likelihood selec-
tion is 89.1 % and 81.9 % for the 0.9 MeV and 2.6 MeV prompt energy threshold analysis, respectively.
Finally, the number of background is 13.6 ± 1.03 events for 0.9 MeV prompt energy threshold analysis
and 12.5 ± 0.95 events for 2.6 MeV prompt energy threshold analysis.
Table 7.12: Isotopes Which Emit Beta-ray and Neutron
isotope production reaction lifetime decay mode energy fraction
[msec] [MeV]
8He 12C(γ ,4p),12C(π−,n3p) 171.7 β− 10.7 0.84
β− + n 0.16
9Li 12C(γ ,3p),12C(π−,n2p) 257.2 β− 13.6 0.52
β− + n 0.48
11Li 12C(γ ,2π+p),12C(π−,π+p) 12.3 β− 20.6 0.07
β− + xn 0.92
12Be 12C(γ ,2π+),12C(π−,π+) 16.4 β− 11.7 -
β− + n -
7.3.4 Fast Neutrons
Cosmogenic neutrons produced by muons going through the OD insensitive regions sometimes enter
the fiducial volume without making an OD signal. These neutrons are called ”fast neutrons”. They can
recoil off of protons and then make a delayed capture signal, just like the anti-neutrino signal. There are
two possibilities to make fast neutron background: due to OD inefficiency and muons that pass through
the rock just outside of the OD and producing neutrons that enter the LS. For the estimation of the fast
neutron background, the OD inefficiency using muons going through the ID shown in Figure(3.28) is not
suitable because muons which make fast neutrons may have different topology. To avoid these issues, a
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Table 7.13: 8He/9Li Event Selection
Selection
Fiducial R ≤ 6 m
Prompt energy 0.9 ≤ Eprompt ≤ 15.0 MeV
Delayed energy 1.8 MeV ≤ Edelayed ≤ 2.6 MeV
Vertex correlation ∆R ≤ 2 m
Time correlation 0.5 µsec ≤ ∆T ≤ 1000.0 µsec
muon veto 2 msec veto after muon
time difference from muon [sec]




















 / ndf 2χ  58.42 / 65
Constant  1.39± 29.16 
Mean      0.00±  2.22 
Sigma     0.0035± 0.1085 
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Figure 7.20: Energy spectrum of 8He/9Li delayed coincidence events within 500 msec after showering
muons. (Left)Prompt (8He/9Li beta) energy spectrum. (Right)delayed (2.2 MeV gamma by neutron
capture) energy spectrum.
simulation can be used to estimated the OD inefficiency. The simulation procedure starts by calculating
the muon flux at KamLAND using the MUSIC [80] simulation code. Figure(7.24) shows the distribution
of the muon track angles. The simulated data is in good agreement with the data. Then, the photon
generation is simulated using GEANT4[76] to know what kind of muons pass through the OD triggering
less than 5 PMTs. Figure(7.25) shows the OD PMT hit distribution for fast neutron candidates. From
these result, the OD inefficiency is estimated to be 0.12 % for muon passing through the OD and 40
% for muons passing through the rock just outside the OD. The number of fast neutron background is
simulated considering these OD inefficiencies. From this, the upper limit of the fast neutron background
is estimated to be less than 4.2 events in this analysis. Figure(7.26) shows the prompt energy spectrum
of fast neutrons. In the analysis energy region between 0.9 MeV and 8.5 MeV, the energy spectrum is
assumed to be flat. There is another background from the atmospheric neutrinos which are assumed to
have a flat energy distribution in this energy region (next section). By considering the contribution of
both background, the number of fast neutrons and atmospheric neutrinos is estimated to be less than 9
events.
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 / ndf 2χ  23.49 / 18
Li 9He/8  33.3± 959.1 
Offset    0.804± 5.792 
time difference from muon [sec]
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Figure 7.21: Time Correlation between 8He/9Li delayed coincidence events and muons. The fit function
is an exponential function of 9Li decay and a constant background. (Top-Left)Time correlation for
showering muon. (Top-Right)Time correlation for non-showering muon. The distance between 8He/9Li
event and muon track is ≤ 3 m. (Bottom)Time correlation for non-showering muon. The distance
between 8He/9Li event and muon track is > 3 m. There is no time structure in this figure.
7.4 Accidental Background
The accidental background was already described in Section(6.1). The collected accidental events are
applied in the likelihood selection cut and the number of survival events scaled by the anti-neutrino
analysis time window is used for the anti-neutrino analysis. Figure(7.27) shows the energy spectrum of
the accidental background. The number of accidental background is 80.5 ± 0.1 events.
7.5 (α , n) Interaction
(α , n) interaction also emit a neutron and can mimic the anti-neutrino signal. The target nuclei of
(α , n) interaction in KamLAND are listed in Table(7.14). The maximum α energy in KamLAND is
8.785 MeV which comes from 212Po α decay, therefore the nuclei with energy threshold below that are
candidate nuclei. Figure(7.28) shows the total (α , n) cross section normalized to barn per natural carbon
considering the chemical composition of the KamLAND liquid scintillator and the natural abundances.
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distance from muon track [cm]

















 p.e6dQ < 10
95.8 % within 3m 
Figure 7.22: Track efficiency estimated from spallation neutrons and non-showering muons. The 3m
cylindrical volume from the non-showering muon track corresponds to 95.8 % efficiency.
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Figure 7.23: Allowed region from a likelihood analysis of the number of 8He and 9Li events v.s. the
ratio of 9Li. The left figure shows the region for showering muons and the right figure shows the region
for non-showering muon within 3m of the muon track. The lifetimes of 8He and 9Li are fixed in this
analysis. The best-fit parameters indicates that the contribution of 8He events is negligible compared to
the 9Li events.
From this figure, interactions other than 13C(α , n)16O interaction are negligible.
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phi [degree]






















Figure 7.24: The distribution of the muon track direction. The black histogram is the MUSIC [80]
simulation result. The red points show the data (Left)Phi distribution. (Right)Zenith angle distribution.
OD hit number






Figure 7.25: OD PMT hit distribution for fast neutron candidates. The red histogram shows the data. The
cyan histogram shows the MC result for muons that pass the rock, but not the OD volume. The purple
histogram shows the MC result for muons passing through the OD. The black histogram shows the sum
of the cyan and purple histogram.
7.5.1 Alpha Source in The Liquid Scintillator
There are various radioactivities which emit alpha particles in the U-series and Th-series. Considering
the life-times of these nuclei, the number of nuclei which belong to U-series are estimated from the three
separate reactions, (238U → 226Ra), (226Ra → 210Pb) and (210Pb → 206Pb), separately. The number of
nuclei which belong to (238U → 226Ra) are estimated from the upper limit of 234Pa, as will be discussed
in Section(7.11). The number of nuclei which belong to (226Ra → 210Pb) are estimated from 214Bi →
214Po delayed coincidence events, discussed in Section(7.2.1). 210Po is discussed in Section(7.2.3). In
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Figure 7.26: Prompt energy spectrum of fast neutron. The red points show the data. The black histogram
is the MC result for muons passing through the OD. The gray histogram shows the MC result from rock
through muon. The blue histogram shows the MC result which have NhitOD < 5.
 [MeV]promptE
















Figure 7.27: Prompt energy spectrum of accidental background.
the Th-series, there is no longer life-time nuclei than 232Th, therefore Th-series is assumed to be in
equilibrium and estimated from 212Bi → 212Po delayed coincidence events, discussed in Section(7.2.2).
Figure(7.29) shows the alpha activity in the KamLAND liquid scintillator within 6 m radius and the full
data-set live time. From Figure(7.29), the contribution of 210Po alpha decay to the all alpha activity is
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Table 7.14: Target Nuclei of (α , n) Reaction
(α , n) interaction
Target nuclei Q value [MeV] threshold [MeV] natural abundance [%]
1H -23.68 115.4 99.985
2H -4.190 12.50 0.015
3H -4.783 11.12 -
12C -8.502 11.34 98.90
13C 2.216 0 1.10
14C -1.818 2.337 -
14N -4.735 6.088 99.634
15N -6.419 8.131 0.366
16N 1.526 0 -
16O -12.13 15.17 99.762
17O 5.867 0 0.038
18O -0.6962 0.8510 0.200
19O 5.713 0 -
Alpha Energy[MeV]
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Figure 7.28: Total ( α , n) cross section normalized to the natural carbon abundance and considering the
chemical composition of the KamLAND liquid scintillator.The contribution of 13 C(α , n) 16O reaction
to the total cross section is more than 99 % [81].
more than 99 %.
CHAPTER 7. BACKGROUND 167
Alpha Energy [MeV]






















1110 Ra226  →U     238
Pb210  →Ra   226
Pb206  →Pb   210
Pb208  →Th   232
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Po214Po216 Po212
Figure 7.29: α activities in the KamLAND liquid scintillator classified into four groups. The contribution
of the 210Po α decay to all α activity is more than 99 %.
7.5.2 13C(α ,n)16O Interaction
As discussed in Section(7.5) and (7.5.1), the dominant target nucleus of (α , n) reaction is 13C and the
dominant α particle is generated from 210Po decay. Thus hereafter only 13C(α , n)16O reaction from
210Po decay is considered. Figure(7.30) shows the 13C(α , n)16O cross section. For 5.304 MeV 210Po α
particles, The ground state, first excited state and second excited state of 16O are candidates of the final
state (Figure(7.31)).
In 2005, newly measured cross sections of this reaction were reported [83]. Figure(7.32) shows the new
cross section. This cross section has a 4 % accuracy in the total cross section, but it does not specify the
final state separately. Therefore, the excited state cross sections from Ref.[81] have to be subtracted in
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where η(En) is the neutron detection efficiency shown in Figure(7.33) and given by the following
equation[84],
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16
,n)αC(13KamLAND 
Figure 7.30: 13C(α , n)16O cross section. Considering the 5.304 MeV 210Po α , the candidate states of
16O are the ground state (red), the first excited state (green) and the second excited state (blue) [81].

















• N : number of neutrons
• Eα : α energy
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Figure 7.31: 13C(α , n)16O reaction. The prompt signals are the recoiled proton energy, 4.438 MeV γ ,
and 6.046 MeV e+e− from the first excited state and 6.129 MeV γ from the second excited state.
Alpha Energy [MeV]
















ground state from JENDL
first excited state from JENDL
second excited state from JENDL
ground state from Harrissopulos et al.
(cross section of excited states were subtracted)
Figure 7.32: 13C(α , n)16O cross section including the new measurement of [83].
• E0 : initial α energy
• ntarget : number of target nuclei of 13C per unit volume of the liquid scinaillator
• Isource : source intensity
• σ(Eα) : (α , n) cross section
• dXdEα : stopping power
The neutron energy depends on the scattering angle shown in Figure(7.34). In the lab frame, the momen-
tum of the neutron pn is as follows,
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plabn =
√





E labα +E labC

























Figure(7.36) shows the coefficients of the Legendre Polynomials [85], [86] as a function of the energy.
Figure(7.37) shows the angular distribution of scattered neutrons at some resonances calculated from the
Legendre Polynomials. Finally, the neutron energy spectrum for each final state per α particle is shown
in Figure(7.38).
neutron energy [MeV]



























Figure 7.33: Neutron detection efficiency as a function of the energy of the neutron[84].
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Alpha Energy (lab) [MeV]



























Neutron Energy v.s. Alpha Energy 
Figure 7.34: Correlation between neutron energy and alpha energy.
Alpha Energy [MeV]























Figure 7.35: Calculated [76] α particle energy deposition per mm in KamLAND LS.
7.5.3 Proton Quenching
As described in the previous subsection, the recoil of the proton in the neutron-proton elastic scatter-
ing is the prompt signal in the 13C(α ,n)16O reaction. Therefore, it is important to measure the proton
quenching factor at different proton energies for the accurate 13C(α ,n)16O background estimation. This
factor is measured at the OKTAVIAN Facility, Osaka Univ using a deuteron beam and a Tritium target
to obtain a monochromatic neutron beam hitting a liquid scintillator material target. Figure(7.39) shows
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Figure 7.36: Legendre coefficients of 13C(α , n)16O neutron angular distribution.Black points show the
Legendre coefficients([85], [86]). The red lines show a piece-wise interpolation of the data.
the schematic view of the detector setup at OKTAVIAN Facility. By changing the scattering angle θ ,
the neutron energy is changed. The quenching factor also depends on the amount of dissolved oxygen.
Therefore two liquid scintillator samples with O2 levels of 13 ppm and 77 ppm were used in the mea-
surements. The O2 level in the actual KamLAND Liquid scintillator is ≤ 3 ppm, therefore 13 ppm data
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Figure 7.37: Neutron angular distribution at several resonance energies, calculated from the Legendre
polynomials.
was used for the quenching factor measurement. Figure(7.40) shows the proton quenching factor as a
function of the scattered proton energy. The accuracy of the measured quenching factor is 2%. This data
is used for the 13C(α ,n)16O prompt energy spectrum simulation, described in the next subsection.
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Figure 7.38: Neutron energy spectrum from the 13C(α , n)16O reaction.
Figure 7.39: The schematic view of the detector setup at the OKTAVIAN Facility
7.5.4 210Po13C Calibration Source
Using the neutron energy spectrum(Figure(7.38)) and proton quenching factor (Figure(7.40)), the prompt
signal can be simulated using GEANT4[76]. However, there remains uncertainty about the branching
ratio to the excited state of 16O. In Ref.[81], 100 % errors are assigned to the excited states since their
cross sections use model calculations. To remove this uncertainty, a 210Po13C calibration source was
deployed in the KamLAND detector. Figure(7.41) shows the 210Po13C source geometry. The source
was constructed by filling the capsule with approximately 0.3 g of 13C powder, dripping a Polonium
solution into the carbon powder, and allowing the whole to dry throughly before tamping the powder
with a Delrin spacer and closing the system. Figure(7.42) shows the delayed coincidence events using
the 210Po13C source at the center of the detector. In order to know the 210Po α decay rate in the source
capsule, the small branch which emits 803 keV γ is used. The first excited state emits e+e−, but they
cannot escape from the source capsule and be detected as annihilation 1.022 MeV γ . Thus, the reaction
rate can be measured separately. The rate of the second excited state is consistent with the expected
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Figure 7.40: Result of the measurement of the quenching factor. The red-square points are at 13 ppm O2
level condition and the blue line shows fitting function. The right figure shows the deviation from the fit.
The deviation is within ± 2 %.
rate from Ref[81] without scaling. For the first excited states, the expected spectrum agrees with the
calibration data if scaled by 0.6. After the subtraction of these excited states, the expected spectrum for
the ground state is obtained. The expected spectrum is in good agreement with the data after scaling
by a factor of 1.05 for the ground state. Figure(7.43) shows the comparison of the expected spectrum
with the calibration data. To confirm the validity of the scaling and investigating the possibility of a
Po crystal which may cause a smaller (α , n) rate especially for the excited state, the energy spectrum
of neutrons produced by 5.5 MeV α particles (Ref [87]) is used. Figure(7.44) shows the comparison
between data and simulation. The spectrum disagrees for the ground state which may be caused by
the detector resolution or neutron angular distribution. But the excited state contribution gives good
agreement within 15 % and the difference between data and simulation for the absolute rate is 9 %.
Thus, too large contribution from the excited state are excluded.
The uncertainties come from the 210Po rate (4 %), and the difference between simulated events and
the data (10 % for the ground state, 20 % for the excited states). Since the shape of the calculated
spectrum is in good agreement with the data, no horizontal scaling error such as proton quenching error
is assigned.
7.5.5 Estimation of 13C(α ,n)16O Interaction
For the estimation of the 13C(α , n)16O background, the simulated spectrum described in the previous
Section is used taking into account of the space and time correlation. Figure(7.45) shows the expected
(α , n) spectrum after all selections. The number of 13C(α , n)16O background is estimated to be 182.0 ±
21.7 events above the 0.9 MeV energy threshold.
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Figure 7.41: 210Po13C source geometry.
7.6 Deuteron Disintegration by Solar Neutrino
The interaction of deuteron disintegration is written as follows,
νx +d → νx + p+n (7.8)
with a threshold of 2.23 MeV. neutrons are emitted in this reaction, therefore it can be a background for
the anti-neutrino analysis. Since energy threshold is 2.23 MeV and ignoring small contribution of hep
neutrinos, 8B solar neutrino is the only candidate for this source. Considering the flux of 8B neutrino
flux without oscillation (5.69 × 106, [20]) above the energy threshold, the number of deuterons in the
fiducial volume (9.0 × 1027), cross section (4.1 × 1043 cm2, [88]) and live time (1490.8 days), the upper
limit of this background is 2.6 events. However, the kinetic energy of the scattered proton which played
as a prompt signal is too low to detect. Therefore, this background is negligible.
7.7 (γ ,n) Interaction
The (γ , n) interaction creates neutron, therefore it can make backgrounds for the reactor anti-neutrino
analysis. The target nuclei of(γ , n) interaction are listed in Table(7.15).
The dominant interaction is the 2H(γ ,n)p reaction. The prompt energy of this interaction is (Eγ
- 2.22) MeV. The upper limit of this interaction is estimated by all events above 3.2 MeV within 6m
radius. From figure(7.47), the total event number above 3.2 MeV is 2.5 × 105. The upper limit of 2H(γ
,n)p cross section σMAX is about 2.4 mb [92]. The number of deuteron is 1.271 × 1028 / kton. From
these information, the upper limit of 2H(γ ,n)p reaction is 0.29 events. Therefore, the contribution of (γ ,
n) reaction is negligible.
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Figure 7.42: Delayed coincidence events using the 210Po13C source at the center of the detector. (Top-
Left)Prompt visible energy spectrum. The peak at ∼ 6 MeV corresponds to the 6.130 MeV γ ray from
the second excited state of 16O. The peak at ∼ 4.4 MeV indicates the γ ray emission from the first
excited state of 12C. The peak at ∼ 1.022 MeV shows the annihilation γ from the first excited state of
16O. The energy spectrum below 4.0 MeV shows the light emission from proton recoil by 13C(α , n)16O
ground state. (Top-Right)Delayed energy spectrum. (bottom-Left)Space correlation between prompt and
delayed events. (Bottom-Right) Time correlation between prompt and delayed events. The fitted result
shows 206.4 ± 1.9 µsec and is consistent with Am-Be data and spallation neutron data.
7.8 Atmospheric Neutrino
The atmospheric neutrinos are the electron and muon neutrinos and their anti-neutrinos coming from the
decay of particles produced in the atmosphere from cosmic-rays. They interact with nuclei in the liquid
scintillator via charged current and neutral current. Some of them emit neutrons, and mimic the signal of
reactor and geo neutrinos. The reactions are as follows,
• ν(ν̄)N → l±N’ (charged current quasi-errastic interaction)
• ν(ν̄)N → l±πN’ (charged current single-pion production though ∆ resonance)
• ν(ν̄)N → l±(mπ)N’ (m ≥ 1)(charged current multi-pion production)
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Figure 7.43: Comparison of the expected 13C(α , n)16O spectrum with the calibration data.
• ν(ν̄)N → ν(ν̄)N’ (neutral current quasi-elastic interaction)
• ν(ν̄)N → ν(ν̄)πN’ (neutral current single-pion production though ∆ resonance)
• ν(ν̄)N → ν(ν̄)(mπ)N’ (m ≥ 1)(neutral current multi-pion production)
The Honda flux [89] without neutrino oscillation is used for the estimation of the atmospheric neu-
trino background. Figure(7.48) shows the atmospheric neutrino fluxes in Kamioka. Then, the neutrino
interaction is simulated with NUANCE [90] and the kinematics for daughter particles are simulated with
GEANT4[76]. Figure(7.49) shows the simulated prompt energy spectrum of the atmospheric neutrino
background in 10-year livetime and 5.5 m fiducial radius. The energy spectrum is assumed to be a flat
distribution in the analysis energy window between 0.9 MeV and 8.5 MeV, same as for fast neutron back-
ground. Considering both fast neutrons and atmospheric neutrinos, the upper limit of atmospheric and
fast neutron background is estimated to be less than 9 events in the data set. This value is consistent with
the observed events in the high energy region between 8.5 MeV and 30.0 MeV. In this energy region, ob-
served events are assumed to be fast neutrons or atmospheric neutrinos since the other contribution such
as reactor neutrino and 8He/9Li are negligible. There are 15 events in this energy region, thus by scaling
the energy-window size, the number of expected events in the reactor analysis region is 5.3 events.
7.9 Geo Neutrinos
As described in Section(1.3.6), the ν̄es are emitted by radioactivities in the crust and mantle of the earth.
They contribute to events below 2.6 MeV prompt energy. Figure(7.50) shows the expected spectrum for
16 TW intensity. The effect of geo-neutrinos is included in the Likelihood selection as the input signal
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Figure 7.44: Comparison of the expected neutron spectrum with the experimental data in Ref [87]. The
conditions of the simulation are as follows; 5.5 MeV alpha energy, natural carbon target, estimated
cross section from 210Po13C calibration. The red line shows the data in Ref [87]. The purple, green,
blue and black line show the simulated spectrum for the ground state, the first excited state, the second
excited state, and the total states, respectively. The contribution of the excited states corresponds to the
lower neutron energy (< 1 MeV). The spectrum disagrees for the ground state which may be caused
by detector resolution or neutron angular distribution. But the excited state contribution gives good
agreement within 15 % and the difference between data and simulation for the absolute rate is 9 %.
Thus, too large contribution from the excited state are excluded.
parameter described in Section(6.3). After likelihood selection, the expected numbers of geo-neutrinos
are 56.6 and 13.1 events for U and Th, respectively. Currently the geo-neutrino flux has large uncer-
tainties due to U/Th ratio and their abundance. Thus the geo-neutrino backgrounds are free parameters
for reactor anti-neutrino analysis with 0.9 MeV energy threshold and are negligible for 2.6 MeV energy
threshold analysis. The analysis result of geo neutrino is shown in Appendix C.
7.10 Geo Reactor
There is a hypothesis that there is a neutrino source in the core of the Earth [93][94][95]. In this hypoth-
esis, some amount of Uranium in the core generates about 3 ∼ 10 TW power output through fission. Due
to the size of the deep core reactor, the estimated rate, in the case of no-oscillation and 100 % efficiency
and livetime, is 0.187 events /day /kton for a 10 TW reactor at the center of the Earth. Figure(7.51) shows
the expected energy spectrum of geo-reactor. Above the 2.6 MeV energy threshold, the expected number
is 59 events for the 3TW Geo-reactor and no-oscillation case. This expected number is comparable to the
expected 63.2 ± 8.7 background events (Table(7.17)) and would have minimal impact on the analysis.
CHAPTER 7. BACKGROUND 180
Figure 7.45: The expected 13C(α , n)16O background after the likelihood selection cut. The gray his-
togram is before the likelihood selection cut. The green histogram shows the energy spectrum after the
likelihood selection.
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Figure 7.46: (α , n) background uncertainties.
Thus the contribution of the geo-reactor is not considered in this analysis.
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Table 7.15: Target Nuclei of (γ , n) Reaction
(γ , n) interaction































Figure 7.47: Single Spectrum within 6m radius. 2msec veto after muon is applied. Events above 3.2MeV
(green line) are used for (γ , n) estimation.
7.11 Spontaneous Fission
There are several spontaneous fission nuclei and neutron emitters in the U/Th/Ac/Np series. Sponta-
neous fission can give backgrounds to the reactor anti-neutrino analysis, because this reaction products
a gamma-ray (∼ 6MeV) as the prompt event and several neutrons as delayed event. In the reactor anti-
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Figure 7.48: Atmospheric neutrino fluxes [91] . Each line corresponds to each (anti-)neutrino type.
Entries  42
Mean    43.25
RMS      22.4
prompt energy [MeV]











Figure 7.49: The expected prompt energy spectrum from atmospheric neutrinos.
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Figure 7.50: Expected spectra of Geo neutrino and reactor anti-neutrino. The expected geo neutrino
spectrum is calculated for a U + Th radioactive heat contribution of 16 TW.
neutrino analysis , multiple neutron events are rejected. Therefore, only one neutron events contribute
to background events. These candidate nuclei are listed in Table(7.16). 234Pa events are used for 238U
estimation assuming the radiation equilibrium. Figure(7.52) shows the upper limit of 234Pa in the liquid
scintillator. The upper limit of 234Pa events is 9.0 × 106 events in the total data set. Therefore, the upper
limit of spontaneous fission in U-series is 4.9 events.
212Bi-212Po delayed coincidence is used for 232Th estimation assuming radiation equilibrium. The
result is 1.4 × 104 events in total data set. Therefore, the upper limit of spontaneous fission in Th-series
is 8.5 × 10−7 events.
Np/Ac series do not exist in nature , so these fission are negligible. Therefore, the total spontaneous
fission is less than 4.9 events. The dominant reaction is from 238U spontaneous fission. According to
Ref [96] , the average number of neutrons emitted in spontaneous fission is 2 with a sigma of 1. The
probability of one neutron emission is estimated to be 24.5% from simple gaussian approximation. From
the information, the number of spontaneous fission backgrounds are less than 1.2 events. Therefore, the
contribution of spontaneous fission is negligible.
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Table 7.16: Spontaneous fission nuclei and neutron emitters in the U/Th/Ac/Np series
target nuclei mode branching ratio events / livetime
U-series
238U SF 5.45 × 10−5 % < 4.91
234U SF 1.64 × 10−9 % <1.48 × 10−4
234U U → Ne + X 1.4 × 10−11 % <1.26 × 10−6
230Th SF < 3.8 × 10−12 % <3.42 × 10−7
Th-series
232Th SF < 1.8 × 10−9 % < 2.51 × 10−7
228Th 228Th → 20O + n + . . . 1.13 × 10−11 % 1.58 × 10−9
224Ra 224Ra → 14C + X < 4.3 × 10−9 % < 6.01 × 10−7
Ac-series
235U SF 7.0 × 10−9 % -
235U 235U → 20N + X < 8.0 × 10−10 % -
231Pa SF < 1.6 × 10−11 % -
223Ra 223Ra → 14C + 209Pb 6.4 × 10−8 % -
Np-series
237Np SF < 2.1 × 10−10 % -
233U SF < 6.0 × 10−11 % -
233U 233U → 24Ne + X < 9.5 × 10−11 % -
225Ac 225Ac → 14C + X 6.0 × 10−10 % -
221Fr 221Fr → C + X 8.8 × 10−11 % -
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Figure 7.51: Expected spectra of geo-reactor and reactor anti-neutrino in the no-oscillation case.
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Figure 7.52: Energy spectra below 3 MeV for 234Pa estimation. The black histgram shows the observed
data. The blue line shows the 210Bi beta decay spectrum and the red line shows 234Pa beta decay spec-
trum. (Right) 4 m fiducial radius cut and 2 m cylindrical cut along z-axis are applied. (Left)-5.5 m ≤ Z
≤ 5.5 m and within 2m cylindrical region along z-axis volume is used. By scaling live time and fiducial
volume ratio , The upper limit of 234Pa beta decay within 6 m fiducial radius is 9.0 × 106 events.
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7.12 Summary of Backgrounds
The number of background events described in this Chapter are summarized in Table(7.17). As seen in
the table, the dominant background is 13C(α , n)16O events. These numbers of events are used for the
neutrino oscillation analysis described in Chapter(8).
Table 7.17: Summary of the number of expected reactor anti-neutrinos, observed events and background
events.
0.9 MeV threshold 2.6 MeV threshold
Expected reactor ν̄e without oscillation 2179.41 1553.81
Observed events 1609 985
Background Events
Accidentals 80.5 ± 0.06 19.6 ± 0.03
8He/9Li 13.6 ± 1.0 12.5 ± 1.0
Fast neutron and Atmospheric ν < 9.0 < 7.0
13C(α , n)16O (ground state) 157.2 ± 17.3 6.2 ± 0.7
13C(α , n)16O12C(n, nγ)12C (4.4 MeV γ) 6.1 ± 0.7 6.1 ± 0.7
13C(α , n)16O∗ (excited states) 18.7 ± 3.7 18.7 ± 3.7
Geo neutrino free parameters negligible
Deuteron disintegration by Solar neutrino negligible negligible
(γ , n) interaction negligible negligible
Geo reactor not considered not considered
Spontaneous fission negligible negligible
Total Backgrounds excluding geo-neutrinos 276.1 ± 23.5 63.2 ± 8.7
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Figure 7.53: Observed event rate versus expected rate without oscillation. Data points corresponds to
intervals of approximately equal anti-neutrino flux. The dashed line shows the best-fit. The shaded region




8.1.1 Significance of Neutrino Disappearance
The probability that the observed events at KamLAND are explained by a statistical fluctuation of neu-













where Nexp is the mean value of the total expected events 1553.81 + 63.16 = 1616.97, σ is the total
systematic uncertainty
√
(1553.81×0.0428)2 +8.7052 = 67.07 events and Nobs is the total number of
observed events, 985 events for the 2.6 MeV analysis threshold. Here the 2.6 MeV threshold is applied





The convolution of Eq.(8.1) and Eq.(8.2) is calculated and the probability of no-oscillation is rejected at
1.0 - 1.35 × 10−17 confidence level, corresponding to 8.5 σ . Thus the deficit of events is significantly
inconsistent with the expectation for no-oscillation anti-neutrino propagation.
8.1.2 Rate Analysis
The average survival probability of the reactor anti-neutrino above 2.6 MeV threshold is 0.593 ± 0.020
(stat.) ± 0.026 (syst.), which is calculated from the ratio of observed events after the background sub-
traction to the expected reactor anti-neutrino events ( N
obs−NBG
Nexpected ). This ratio indicates the disappearance
fraction of the reactor anti-neutrinos. Assuming the two-flavor neutrino oscillation, the rate analysis for
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where
Robserved : (Nobserved −NBG)/Nexpected
Rtheoretical : (nreactor)/Nexpected
Nobserved : number of observed events
NBG : expected number of background events
Nexpected : expected number of reactor ν̄e events without oscillation
nreactor : expected number of reactor ν̄e events for each ∆m221 and θ12
σsyst.,σstat. : sigma of the ratio Robserved (8.4)
Figure(8.1) shows the excluded regions for the neutrino oscillation parameters from the rate analysis at
95 %, 99 % and 99.73 %. The solar neutrino solutions, SMA, LOW and VAC are completely excluded
at more than 99.9 % C.L. and only the LMA solution remains.
θ 22sin



















Figure 8.1: Result of Rate analysis. The blue, green and red lines show the 95 %, 99 % and 99.73 %
excluded region for neutrino oscillation parameters. The black lines show the allowed region from solar
neutrino experiments.
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8.1.3 Significance of Spectrum Distortion
The observed spectrum is inconsistent with the expected spectrum without oscillation. The significance
of the shape distortion is estimated from the comparison with a scaled no-oscillation spectrum. To
test how well the observed data is in agreement with the predicted probabilities, i.e. the no-oscillation
hypothesis, a χ2 test is used.
χ2 for Background Events
As described in Chapter 7, the main background events for the anti-neutrino detection are 13C(α , n)16O,
accidental coincidence, spallation products, fast neutron, atmospheric neutrinos and geo-neutrinos. They
are treated as follows,
• geo-neutrino (nU ≡ nBG1, nTh ≡ nBG2)
They are treated as free parameters for the independent analysis from the Earth model.
• 13C(α , n)16O (n(α,n)low ≡ nBG3, n(α,n)high ≡ nBG4)
The details are described in Section(7.5). The number of events from the excited states and of the
ground state are variable parameters. The variable range of the number of background is limited












where Nexpected is the expected number, (α , n)low corresponds to the ground state contribution and
(α , n)high corresponds to the contribution of excited states.
• fast neutron and atmospheric neutrinos (n f ast neutron ≡ nBG5)





where σBG5 is the upper limit of these backgrounds (9 events).
• accidental background (nacci)
This background is treated as a fixed parameter since the uncertainty is very small.
• spallation products (n9Li)
This background is also treated as a fixed parameter. All of this background is treated as 9Li events
shown in Figure(7.23)
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χ2 for The Uncertainty of Systematics
The expected spectrum has energy dependent uncertainties in the anti-neutrino spectrum from the en-
ergy scale, the energy resolution, the vertex bias, a normalization uncertainty for the reactor spectrum
and an uncertainty in the efficiency. In the shape analysis, these uncertainties are considered and the
expected spectrum is redefined. However, their ranges are limited by adding a penalty χ2 (χ2syst.) for each
variation[98]. The components which can distort the expected energy spectrum are as follows,
• Uncertainty of the anti-neutrino flux (≡ α1)
The uncertainty in the anti-neutrino spectrum is described in Section(4.1) and Ref.[71]. The spec-
trum uncertainty for each isotope is considered.
• Uncertainty of the energy scale (≡ α2)
This uncertainty is the dominant contribution to the spectrum distortion. The energy scale correc-
tion is based on the analysis of Birks constant and Cherenkov intensity described in Section(3.9.5)
using the calibration data and spallation products. This correction has uncertainties related to two
parameters, Birks constant and Cherenkov intensity. The distortion curve from the energy scale
uncertainties is shown in Figure(8.2). The figure shows the difference between the energy scale
model at the best-fit and a model at 1 σ C.L.
• Uncertainty of the energy resolution
The uncertainty in the energy resolution can also cause energy spectrum distortion. In Figure(8.2),
the contribution of the dependence is shown with 20 % worse energy resolution. The spectrum
difference is less than 1 % below 7 MeV. However, the uncertainty of the energy scale is much
bigger than that of the energy resolution. Thus, this uncertainty is negligible.
• Uncertainty of the vertex bias
The vertex bias can make an energy dependence of the fiducial volume. The limit of such depen-
dence is estimated to be less than 1.5 % from a comparison of the 8He/9Li delayed coincidence
events shown in Figure(3.49). This is treated in the energy scale uncertainty.
• Normalization uncertainty of the reactor energy spectrum (≡ α3)
This uncertainty does not affect the spectrum shape itself. But it is convenient to include this error
here. The uncertainty is 4.14 %, as described in Section(6.5).
• Efficiency error (≡ α4)
As described in Section(6.5), the uncertainty of the likelihood selection depends on the prompt
energy.
χ2 for The Significance of Spectrum Distortion
The definition of χ2 is given by,
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Figure 8.2: Distortion caused by the energy scale uncertainty in the no-oscillation case. The red region
shows the effect of varying one of the energy non-linearity parameters in the model at 1 σ . The dashed
lines show the ν̄e flux uncertainty (black), vertex bias (yellow) and the wider energy resolution (a con-
servative estimate of 1.2 times the measured energy resolution) (blue). Each component is normalized at
2.2 MeV to show the contribution to the energy distortion.
where
ni : number of observed events in ith bin
µi : number of expected events in ith bin
Snormalize : normalization parameter
(8.8)
BG1∼5 and α1∼4 described in this Section are selected to minimize χ2 as well as the free normalization
parameter Snormalize. The energy spectrum from 0.9 MeV to 8.5 MeV is binned into 20 equal probability
bins. Snormalize and BG1, BG2 are free parameters that decrease the total number of degrees of freedom
(n.d.f.). The minimum χ2 is 63.58 for 17 degrees of freedom. This corresponds to the probability of
no-oscillation being disfavored at 5.1 σ , this is the strong evidence for ν̄e spectral distortion.
χ2 for The Solar Neutrino Experiments
For the global analysis, the χ2 of the solar neutrino experiments is needed. In this analysis, the solar
neutrino rates of Homestake, SAGE, GALLEX, GNO, Super-Kamiokande-I data including the zenith
angle spectra and SNO data are considered. The definition of χ2 for the solar neutrino experiments is as
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{Ri(Data)− (β ·Rosci (8B)+η ·Rosci (hep)/ f corri (ε2s ,ε2r ,ε2b )}2
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where the parameters are as follows,
• Nobs
The number of the flux measurements, this is 3 in this analysis (combined Ga rate, Cl rate and
Super-Kamiokande rate).
• Robserved
The ratio of the observed flux to the SSM BS05(OP) prediction for each measurement.
• Rtheoretical
The ratio of the expected flux with neutrino oscillation to the SSM prediction for each measure-
ment.
• Vi j
The error matrix combining the cross section, SSM and experimental errors and given by,
V 2i j = (σ
CS
i j )
2 +(σ SSMi j )
2 +(σ expi j )
2 (8.10)
• Nbin
The number of Super-Kamiokande bins, this is 7 (zenith angle) × 6 (energy) in this analysis.
• Ri(Data), Rosci (8B), Rosci (hep)
The observed and expected ratio of oscillation to the SSM prediction for each bin.
Ri(Data) = Datai/(8Bi +hepi)
Rosci (
8B) = 8Bosci /(
8Bi +hepi)




where Datai are the observed rates, 8Bi (hepi) and 8Bosci (hep
osc
i ) are the expected rates and oscil-
lated rates of 8B (hep) neutrinos in i-th bin.
• β , η
These are free flux-scaling parameters for the shape analysis to minimize the χ2.
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• f corri
This is the correction factor for the correlated error and given by,
f corri = (1+ si · εs)(1+ ri · εr)(1+bi · εb)
where si is the spectrum uncertainty from Super-Kamiokande energy scale, ri s its energy resolu-
tion, bi is 8B neutrino spectrum. ε are varied to minimize the χ2.
• χ2SNO
The χ2SNO is the χ2 map from the SNO solar neutrino experiment using the 306.4 day D2O phase
and 391 day salt phase, which include CC spectra, NC and ES integrated fluxes and day/night rate
asymmetry [32]. The SNO-only χ2 table is available [99].
The best-fit parameters are,
(sin2 2θ12,∆m221) = (0.84, 6.0×10−5 [eV2])
The allowed region is consistent with the KamLAND result described in the following sections.
8.2 Null Oscilation Probability
The neutrino oscillation is tested for both disappearance and distortion in the previous sections. Although
the rate and shape contain independent information, their systematic uncertainties have correlations.
Thus a combined χ2 is defined as follows,









Pearson(Snormalize,BG1 ∼ 5,α1 ∼ 4)+ χ2(BG1 ∼ 5)+ χ2(α1 ∼ 4)
The σ 2syst in the χ2rate is included in the χ2shape term.
The χ2rate term is a penalty term. From the rate and shape analysis, the probability is inconsistent with
the no-oscillation expected rate and shape at more than 5 σ . This is very strong evidence for non-standard
ν̄e propagation, such as neutrino oscillation.
8.3 Neutrino Oscillation Analysis
Neutrino oscillation affects not only neutrino disappearance but it also affects the energy spectrum by dis-
torting the spectrum since the survival probability depends on the neutrino energy, the mixing angle, the
mass difference, and the travel distance shown in Eq.(1.11). These properties of neutrino oscillation al-
low detailed investigation of the oscillation parameters. The unbinned maximum likelihood method [97]
is used for this investigation. In this analysis, several free parameters are used in the χ2 and chosen in
such a way as minimize the χ2 for each oscillation parameter.
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8.3.1 Shape Analysis












fshape = fshape(Ei; θ12,∆m221,nU,nTh,n(α,n)low,n(α,n)high,n f .n.,nacci,n9Li,α1∼4)
where fshape is the normalized probability density function (p.d.f) of the likelihood and consists of the
expected reactor spectrum and background spectra with the systematic uncertainties (α1∼4). The best-fit
parameters are as follows,




Figure(8.3) shows the allowed region from shape analysis.
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Figure 8.3: Allowed regions of neutrino oscillation parameters for shape analysis.
8.3.2 Rate + Shape Analysis
In the Rate + Shape analysis, the χ2 definition is as follows,















The parameter space can be further constrained by incorporating the results of SNO [32] and solar
flux experiments [100] in a two-neutrino analysis with KamLAND assuming CPT invariance. The best-
fit oscillation parameters are,
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Figure(8.4) shows the allowed region. The lower LMA region (LMA 0) and the upper LMA region
(LMA II) which were allowed in previous analysis [54] are significantly disfavored at 3.7 σ and 5.2 σ ,
respectively. The best-fit number of U and Th is 15.6 and 41.1 events, respectively.
8.3.3 Rate + Shape + Time Analysis









− 2lnLshape(E,T ; θ12,∆m221,NBG1∼5,α1∼4)+ χ2BG(NBG1∼5)+ χ2syst.(α1∼4)
The time information is included in Lshape. The best-fit oscillation parameters are,





−5 [eV2]) (KamLAND only)





−5 [eV2]) (KamLAND only)






Furthermore, the Rate + Shape + Time analysis without systematic uncertainties is also done in order
to know the contribution of the systematic uncertainties. Then, the contributions of the systematic and
statistical uncertainty to the total uncertainty is,







−5 [eV2]) (KamLAND only)
The sources of the uncertainty for the mass-splitting are summarized in Table(8.1). The dominant uncer-
tainty is the energy linear scale.
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Table 8.1: Source of Uncertainties of ∆m221 measurement
source of uncertainty ∆m221 (× 10−5 eV2)
source of spectrum (statistics of Bugey data) 0.030
source of spectrum (systematics of Bugey data) 0.033
KamLAND energy scale (1.37 % linear) 0.142
KamLAND energy scale (non-linear) small
energy dependent efficiency small
statistics -0.15 , + 0.14
total -0.21, +0.20
Figure(8.5) shows the allowed region. As seen in this figure, the mass-splitting sensitivity is domi-
nated by the KamLAND data. The lower LMA region (LMA 0) and the upper LMA region (LMA II)
are significantly disfavored at 4.3 σ and 5.8 σ , respectively. The best-fit number of U and Th is 38.2 and
29.8 events, respectively. Figure(8.6) shows the best-fit spectrum of prompt energy.
8.3.4 L0/E Plot
The L0 / E distribution is the most suitable for illustrating the oscillatory behavior. Figure(8.7) shows
the distribution. In this figure, the data and the best-fit spectrum are divided by the expected spectrum
without oscillation. L0 is the flux-weighted effective baseline and is 180 km. Two peaks are seen in this
figure and the KamLAND data is in excellent agreement with the oscillation scenario.
8.3.5 Three Flavor Analysis
In the three neutrino flavor case, the survival probability has to be modified. For solar neutrinos, the













Here ASei is the amplitude of the νe → νi transition and νi is the ith mass eigenstate. AEei is the amplitude
of the transition νi → νe from the earth surface to the detector, and the propagation in vacuum from
the Sun to the surface of the Earth is described by the exponential. L is the distance traveled by the
neutrino, and r is the distance between the neutrino production point and the surface of the Sun. Using
the mass hierarchy ∆m221 ≪ ∆m232 ≅ ∆m231, the three-flavor evolution equations decouple into an effective
two-flavor problem for the intermediate basis (Ref. [102][103]),
νe′ = cosθ12ν1 + sinθ12ν2 (8.16)
νµ ′ = −sinθ12ν1 + cosθ12ν2 (8.17)
with the substitution of Ne for the effective density written as follows,
Ne′ ⇒ Ne cos2 θ13 (8.18)
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while for the evolution of the third state ντ ′ there are no matter effects. Therefore the survival amplitude
can be simplified and written as follows,

















The survival probability after averaging out the interference term due to the higher mass difference ∆m232
≅ ∆m231 is given by,
P3νee = cos
4 θ13P2νe′e′ + sin
4θ13 (8.20)
where P2νe′e′ corresponds to the two-flavor oscillation survival probability in the (∆m
2
21, θ12) after the
modification of Eq.(8.18).
Figure(8.8),(8.9) and (8.10) show the results of the three-flavor analysis with the survival probability
in Eq.(8.20) and the same analysis method as described in Section(8.3.3). From these figures, the three
generation analysis does not affect ∆m221 parameter. The best-fit oscillation parameters are,





−5 [eV2]) (two−flavor analysis)





−5 [eV2]) (three−flavor analysis)
The best-fit sin2 θ13 = 0.00. Figure(8.10) shows the upper limit of sin2 θ13. From this figure, the upper
limit is 0.06 at 90 % C.L. and 0.12 at 99.73 % C.L.
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Figure 8.4: Allowed regions of neutrino oscillation parameters for the Rate + Shape analysis. The lines
show allowed regions at 95 %, 99 % and 99.73 % C.L. The filled circle is the best-fit point. (Top-Left
and Top-Right) Oscillation parameters in the sin22θ12-∆m221 plane. (Middle-Left and Middle-Right)
Oscillation parameters in the tan2θ12-∆m221 plane. (Bottom)Result of a combined oscillation analysis of
KamLAND and the other solar neutrino experiments under the assumption of CPT invariance.
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Figure 8.5: Prompt energy spectrum of ν̄e candidate events. The black line shows the expected reactor
spectrum without oscillation. The cyan line shows the expected reactor spectrum with oscillation. The
red and green histogram show accidental background and 13C(α , n)16O background, respectively. The
blue histogram shows the best-fit geo neutrino spectrum. The blue line with the magenta histogram show
the expected reactor spectrum with oscillation and background contributions.
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Figure 8.6: Allowed regions of neutrino oscillation parameters for the Rate + Shape + Time analysis.
The lines show the allowed regions at 95 %, 99 % and 99.73 % C.L. The filled circle is the best-fit point.
(Top-Left and Top-Right) Oscillation parameters in sin22θ12-∆m221 plane. (Middle-Left and Middle-
Right) Oscillation parameters in tan2θ12-∆m221 plane. (Bottom)Result of a combined oscillation analysis
of KamLAND and the solar neutrino experiments under the assumption of CPT invariance.
























Figure 8.7: Ratio of the background subtracted ν̄e spectrum to the expectation without oscillation as a
function of L0/E. L0 is the effective baseline taken as a flux weighted average (L0 = 180 km). The blue
curves are the expectation accounting for the distance to the individual reactors, time dependent flux
variations and efficiencies. The error bar shows the statistical uncertainty only.
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Figure 8.8: The result of the three-flavor analysis. Allowed region of KamLAND Rate + Shape + Time
analysis. The lines show allowed regions at 95 %, 99 % and 99.73 % C.L.
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Figure 8.9: The result of the three-flavor analysis. The comparison between two-flavor analysis and
three-flavor analysis. The lines show allowed regions at 95 %, 99 % and 99.73 % C.L. The three-flavor
analysis does not contribute to the ∆m221 parameter.
CHAPTER 8. ANALYSIS AND RESULT 205
13θ 
2sin













KamLAND (Rate + shape + Time)
Figure 8.10: The result of the three-flavor analysis. The upper limit of sin2 θ13. The upper limit is sin2 θ13
< 0.06 at 90 % C.L. and < 0.12 at 99.73 % C.L.
Chapter 9
Discussion and Conclusion
The KamLAND experiment has determined a precise value for the neutrino oscillation parameter ∆m221
and stringent constraints on θ12 using reactor anti-neutrinos from 55 Japanese reactors and data from
Mar. 2002 to May 2007. The total livetime is 1490.8 days, which is about 2.9 times more than that of the
previous result [54]. The primary improvements from the KamLAND previous result [54] are (1)fiducial
enlargement up to 6.0 m radius, (2)extending the analysis energy window down to Eprompt = 0.9 MeV, the
inverse beta decay threshold incorporating the geo neutrinos (3)reduction of systematic uncertainty, and
(4) using time information of the reactor flux. (1) and (2) are the result of the likelihood selection cut.
The likelihood selection cut is based on the different distribution between the anti-neutrino signal and the
accidental background. Using information of prompt/delayed vertex, energy, space and time correlation,
the best selection criteria are determined for each prompt energy and reduced the accidental background
significantly, especially below 3.0 MeV. (3) is mainly due to 4π calibration system and 210Po13C source
calibration. Then fiducial uncertainty is reduced from 4.7 % to 1.8 % and the uncertainties from (α , n)
background are reduced from 32 % to 11 % for ground state and from 100 % to 20 % for excited states.
(4) is effective since the actual reactor fluxes have time variation and backgrounds have no time variation.
The observed event number is 1609 events above 0.9 MeV and 985 events above 2.6 MeV energy
threshold. The expected number of reactor anti-neutrinos without neutrino oscillation is 2179.4 (1553.8)
events and the background is 276.1 (63.2) events for 0.9 (2.6 ) MeV energy threshold. The ratio of
observed events to the expected events is 0.593 ± 0.020 (stat.) ± 0.026 (syst.) and the significance of
neutrino disappearance is at 8.8 σ . Thus, the no reactor neutrino disappearance is strongly disfavored.
The observed neutrino spectrum is distorted and the significance of spectrum distortion is at 5.2 σ
and no spectral distortion is strongly disfavored. A two-neutrino oscillation analysis of the KamLAND
data with 0.9 MeV threshold gives tan2 θ12 = 0.56+0.10−0.07 (stat.)
+0.10





±0.15(syst.) × 10−5 [eV2]. Previous result [54] shows tan2 θ12 = 0.46+0.23−0.13 and ∆m221 = 7.9
+0.4
−0.3 × 10−5
[eV2]. The uncertainties of neutrino oscillation parameters are significantly reduced and the systematic
and statistical uncertainty are now comparable. The LMAII and LMA0 which are remained in Ref. [54]
are now disfavored at > 4 σ and the LMAI is only remained. Figure(9.1) shows the projection of the
allowed regions onto the (tan2 θ12, ∆m221) plane from the KamLAND data and that of solar neutrino
experiments. The shape asymmetry along tan2 θ12 = 1 indicates that the matter effect which is included
in this analysis is slightly seen in this figure. The integrated event rate difference between tan2 θ12 <
1 and tan2 θ12 > 1 best-fit is less than 1 %, which is much smaller than the rate systematic uncertainty
206
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(4.1 %). On the other hand, the shape information provides the better sensitivity since the rate difference
increases by up to 10 % in high energy region.
Figure 9.1: The projection of the allowed regions onto the (tan2 θ12, ∆m221) plane from the KamLAND
data and that of solar neutrino experiments. The shape asymmetry along tan2 θ12 = 1 indicates that the
matter effect which is included in this analysis is slightly seen in this figure.




−0.20 × 10−5 [eV2],
which are the same as that of two-neutrino oscillation analysis. The upper limit of sin2 θ13 is 0.06 at 90 %
C.L. This result is a little bit worse compared with the result of CHOOZ experiment, but the KamLAND
result does not depend on ∆m231.
The L0/E plot shows the oscillatory behavior clearly. 0.9 MeV threshold analysis allows to show
two peaks and one valley in the figure. Assuming the CPT invariance and combined with solar neutrino
data, the neutrino oscillation parameters are tan2 θ12 = 0.47+0.06−0.05 and ∆m
2 = 7.59 ±0.21 × 10−5 [eV2].
The determination of ∆m221 parameter is dominated by the KamLAND experiment and lower limit of
tan2 θ12 in allowed region of neutrino oscillation parameters is now comparable with that of the other
solar neutrino experiments. The uncertainty of tan2 θ12 is reduced by lowering energy threshold (Ap-
pendix C). Currently dominant uncertainties are anti-neutrino spectra (2.39 %) and the thermal power
of Japanese reactors (2.0 %). The uncertainty of anti-neutrino spectra will be reduced by short baseline
reactor anti-neutrino experiment such as Double-CHOOZ or front detector experiment in the near future.
The uncertainty of the thermal power of Japanese reactors comes from the accuracy coolant flow rate.
This value is designed value, thus actual measuring of coolant flow rate will reduce the uncertainty.
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Now the KamLAND experiment is in the purification phase for the solar 7Be neutrino observation.
The purification removes 210Po, which makes (α , n) background and the other radioactive isotopes which
make accidental backgrounds. Thus, purification work will also give more precise analysis of neutrino
oscillation and geo neutrino in low energy region without (α , n) background. Furthermore, some reactors
in Japan are now stopped. Thus current data is useful for monitoring time variation of observed event
rate and studying background event rate shown in Figure(9.2).
The best-fit of geo-neutrino is 73 ± 27 events described in Appendix D. It corresponds to a flux of
(4.4 ± 1.6) × 106 cm−2sec−1. The significance of geo-neutrino existence is now about 2.8 σ . More
statistics and purification work will provide the first observation of geo-neutrino (> 3 σ ).
Figure 9.2: Observed event rate versus expected without oscillation. The blue points show the current
data set. The dashed line shows the best-fit. The shaded region shows 90 % C.L. The red point shows
the expected event rate. The expected event rate is calculated from 1 year livetime with some reactors
















































































Figure A.1: Decay chain of 238U
209





















































Figure B.1: Level Diagram for 60Co
211
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B.1.2 65Zn [104]
Figure B.2: Level Diagram for 65Zn
B.1.3 68Ge [104]
Figure B.3: Level Diagram for 68Ge
APPENDIX B. LEVEL DIAGRAM 213
B.1.4 137Cs [104]
Figure B.4: Level Diagram for 137Cs
B.1.5 203Hg [104]
Figure B.5: Level Diagram for 203Hg
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B.1.6 Am-Be [105]
Figure B.6: Level Diagram for AmBe (9Be + α → 13C∗ → 12C + n)
B.1.7 210Po13C [86]
Figure B.7: Level Diagram for 210Po13C (13C + α → 17O∗ → 16O + n)
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B.2 Radioactive Isotopes in The Liquid Scintillator
B.2.1 39Ar [104]
Figure B.8: Level Diagram for 39Ar
B.2.2 40K [104]
Figure B.9: Level Diagram for 40K
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B.2.3 85Kr [104]
Figure B.10: Level Diagram for 85Kr
B.2.4 210Bi [104]
Figure B.11: Level Diagram for 210Bi
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B.2.5 210Po [104]
Figure B.12: Level Diagram for 210Po
Appendix C
2.6 MeV Energy Threshold Analysis
For 2.6 MeV energy threshold analysis, the contributions of geo-neutrino (U, Th) are negligible. Thus,









− 2lnLshape(E,T ; θ12,∆m221,NBG3∼5,α1∼4)+ χ2BG(NBG3∼5)+ χ2syst.(α1∼4)
The number of the expected events and backgrounds are summarized in Table(7.17). Figure(C.1)
shows the allowed region of neutrino oscillation parameters for Rate + Shape + Time analysis with 2.6
MeV energy threshold.
The best-fit oscillation parameters are,
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Compare with the 0.9 MeV threshold analysis, the parameter ∆m221 is slightly higher. As seen in
Figure(C.2), smaler ∆m221 parameter shifts the oscillatory shape slightly right . And the contribution of
bins around L/E ∼ 60 is effective for lowering the best-fit ∆m221.
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2.6 MeV Energy Threshold
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2.6 MeV Energy Threshold
Figure C.1: Allowed regions of neutrino oscillation parameters for Rate + Shape + Time analysis with 2.6
MeV energy threshold. The lines show the allowed regions at 95 %, 99 % and 99.73 % C.L. The filled
circle is the best-fit point. (Top-Left and Top-Right) Oscillation parameters in sin22θ12-∆m221 plane.
(Middle-Left and Middle-Right) Oscillation parameters in tan2θ12-∆m221 plane. (Bottom)Result of a
combined oscillation analysis of KamLAND and the other solar neutrino experiments under the assump-
tion of CPT invariance.
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Figure C.2: L/E plot with 2.6 MeV threshold analysis. The blue line is the best-fit with 0.9 MeV threshold
analysis. The red line shows the best-fit with 2.6 MeV threshold analysis. The green line shows the 2.6
MeV energy threshold (Eν̄e ∼ 3.4 MeV). As seen in this figure, the contribution of bins around L/E ∼ 60
os effective for lowering the best-fit ∆m221.
Appendix D
Geo Neutrino Analysis
As described in Section(1.3.6), the amount of radiogenic heat generation directly relate to the neutrino









a(r’)ρ(r’)P(Eν , |r’− r|)
4π|r− r’|2 (D.1)
where A is the decay rate per unit mass, the integral is over the volume of the Earth, a(r’) is the iso-
tope mass per unit rock mass, ρ(r’) is the rock density and P(Eν , |r’− r|) is the survival probability
after traveling a distance |r’− r|. For this analysis, the survival probability given in Eq.(1.11) can be
approximated,
P(Eν , |r’− r|) = 1−0.5sin2 2θ12 (D.2)
In the geo neutrino analysis, reactor neutrinos play as background. In order to reduce the ambiguity
of the reactor neutrino background, additional χ2 for constraining the oscillation parameters is applied









− 2lnLshape(E,T ; θ12,∆m221,NBG1∼5,α1∼4)+ χ2BG(NBG1∼5)+ χ2syst.(α1∼4)
+ χ2constrained
where χ2constrained comes from the results of SNO [32] and solar flux experiments [100] in a two-neutrino
analysis with KamLAND assuming CPT invariance.
Figure(D.1) shows the confidence intervals for the number of geo neutrinos detected. Assumed to
have the same elemental composition as the Earth’s primordial material, chondritic meteorites have a
Th/U mass ratio to 3.9. Fixing the Th/U mass ratio to 3.9, the best-fit number of geo neutrinos is 73 ±
27 events. It corresponds to a flux of (4.4 ± 1.6) × 106 cm−2sec−1 . Figure(D.2) shows the expected
spectrum at geo neutrino energy region.
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Figure D.1: Result of the geo neutrino analysis. Confidence intervals for the number of geo-neutrinos
detected. Left figure shows the 19.7 %(red), 38.3 %(green), 68.3 % (blue), 95.4 % (magenta) and 99.7 %
C.L. (cyan) for detected 238U and 232Th geo-neutrinos. The small shaded area represents the prediction
the prediction from the geophysical model. The vertical dashed line represents the value of (NU - NT h)/
(NU + NT h) assuming the mass ratio, Th/U = 3.9, derived from chondritic meteorites, and accounting for
the 238U and 232Th decay rates and the ν̄e detection efficiencies in KamLAND. The dot shows the best-fit
point. Right figure shows ∆χ2 as a function of the total number of 238U and 232Th geo-neutrino candidates
fixing the normalized difference to the chondritic meteorites constraint. The grey band gives the value of
NU + NT h predicted by the geophysical model. The best-fit value is 73 ± 27 events corresponding to a
flux of (4.4 ± 1.6) × 106 cm−2sec−1 .
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Figure D.2: The low-energy region of the prompt energy spectrum relevant for geo-neutrinos. The
lower panel shows the data with the fitted background and geo neutrino contributions. The upper panel
compares the background subtracted data to the number of geo neutrinos for the decay chain of 238U
(dashed) and 232Th (dotted) calculated from Ref. [106]
Appendix E
Effect of Likelihood Selection
To confirm the stability of the likelihood selection, two other input signals are used. One uses the reactor
and geo neutrino energy spectrum scaled by the LMA1 best-fit parameters using the previous result [54]
(tan2 θ12, ∆m221) = (0.457, 7.94 × 10−5 [eV2]). The another uses the reactor and geo neutrino energy
spectrum scaled by tan2 θ12 = 0.45 from the solar neutrino experiments. Figure(E.1) shows the input
signals for these. Then, the same procedure described in Chapter(6) is applied. Figure(E.2) shows the
efficiency as a function of the prompt energy for each selection. Figure(E.3) shows the prompt energy
spectrum for three selections. The number of observed events and backgrounds are listed in Table(E.1).
Using these information, Rate + Shape + Time analysis are done. Here the definition of χ2 is the same
as that of described in Section(8.3.3). Figure(E.4) shows the result of the data using LMA1 scaling.
Figure(E.5) shows the result of the data using solar tan2 θ12. The best-fit oscillation parameters for each
selection are listed in Table(E.2). As seen Table(E.2), the best-fit parameters are in good agreement with
each other.
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70 eνReactor + Geo  
eνReactor 
eνGeo 
Figure E.1: Input signal for likelihood selection. The red histogram shows the expected reactor anti-
neutrino. The green histogram shows the expected geo anti-neutrino. The blue histogram shows the sum
of the red histogram and the green histogram. (Left)Neutrino spectrum is oscillated by the LMA1 best-fit
parameters using the previous result [54] (tan2 θ12, ∆m221) = (0.457, 7.94 × 10−5 [eV2]). (Right)Neutrino
spectrum is Scaled by tan2 θ12 = 0.45 from the solar neutrino experiments.
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Table E.1: summary of the number of expected reactor anti-neutrinos, observed events and background
events for three input signals.
No scaling LMA1 Scaling Solar Scaling
Expected reactor ν̄e without oscillation 2179.41 2151.59 2156.78
Observed events 1609 1555 1562
Background Events
Accidentals 80.5 ± 0.06 56.5 ± 0.05 57.9 ± 0.05
8He/9Li 13.6 ± 1.0 13.6± 1.0 13.6 ± 1.0
Fast neutron and Atmospheric ν < 9.0 < 9.0 < 9.0
13C(α , n)16O (ground state) 157.2 ± 17.3 151.9 ± 16.7 152.8 ± 16.8
13C(α , n)16O12C(n, nγ)12C (4.4 MeV γ) 6.1 ± 0.7 6.1 ± 0.7 6.1 ± 0.7
13C(α , n)16O∗ (excited states) 18.7 ± 3.7 18.7 ± 3.7 18.7 ± 3.7
Geo neutrino free parameters free parameters free parameters
Deuteron disintegration by Solar neutrino negligible negligible negligible
(γ , n) interaction negligible negligible negligible
Geo reactor not considered not considered not considered
Spontaneous fission negligible negligible negligible
Total Backgrounds excluding geo-neutrinos 276.1 ± 23.5 246.7 ± 23.0 249.1 ± 23.1
KamLAND only
No scaling LMA1 Scaling Solar Scaling








































Table E.2: Result of oscillation analysis using three input signals. Here, ”No Scaling” means that the in-
put signal is not oscillated. ”LMA1 Scaling” means that the input signal is scaled and distorted by LMA1
best-fit parameter using the previous result [54] (tan2 θ12, ∆m221) = (0.457, 7.94 × 10−5 [eV2]). ”Solar
Scaling” means that the input signal is scaled by tan2 θ12 = 0.45 from the solar neutrino experiments, but
spectrum is not distorted.
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No scaling
Scaling by using oscillation parameters
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17 inch + 20 inch PMTs
No scaling
Scaling by using oscillation parameters
)-510×) = (0.457,7.942m∆,θ2(tan
 = 0.45θ2No-oscillation, but scaling by using tan
Figure E.2: The detection efficiencies of three Likelihood selections. The red line shows the efficiency
used in this thesis. The blue line shows the efficiency using the input signal scaled by LMA1 best-fit
parameters. The green line shows the efficiency using the input signal scaled by solar tan2θ . (Left)17-
inch PMTs only analysis. (Right)17 + 20 inch PMTs analysis.
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Figure E.3: Observed prompt energy spectrum of three selections. There is no difference above 4 MeV.
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Figure E.4: Allowed regions of neutrino oscillation parameters for the Rate + Shape + Time analysis
using input signal oscillated by LMA1 best-fit parameters. The lines show the allowed regions at 95 %,
99 % and 99.73 % C.L. The filled circle is the best-fit point. (Top-Left and Top-Right) Oscillation param-
eters in sin22θ12-∆m221 plane. (Middle-Left and Middle-Right) Oscillation parameters in tan2θ12-∆m221
plane. (Bottom)Result of a combined oscillation analysis of KamLAND and the other solar neutrino
experiments under the assumption of CPT invariance.
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Figure E.5: Allowed regions of neutrino oscillation parameters for the Rate + Shape + Time analysis
using input signal scaled by tan2 θ12 = 0.45 from the solar neutrino experiments. The lines show the
allowed regions at 95 %, 99 % and 99.73 % C.L. The filled circle is the best-fit point. (Top-Left and
Top-Right) Oscillation parameters in sin22θ12-∆m221 plane. (Middle-Left and Middle-Right) Oscillation
parameters in tan2θ12-∆m221 plane. (Bottom)Result of a combined oscillation analysis of KamLAND and
the other solar neutrino experiments under the assumption of CPT invariance.
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